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I INTRODUCTION
A study of the population dynamics of a natural 
population is usually hampered by the difficulty of 
measuring the changes in its size and age structure.
The usual procedure in measuring mortality is to take 
a representative sample and calculate the mortality 
rate from the numerical differences between successive 
age classes. As Deevey (1947) has pointed out, however, 
the assumption is made in using this method that the 
initial numbers and later survival are, for practical 
purposes,the same from one age class to the next. For 
many populations this is known to be wrong. The same 
assumption is necessary for calculating the mortality 
rate of a population where only the age at death is 
known. No such assumption is necessary when the survival 
of a particular group of animals, identifiable in some 
way, is followed by counts at appropriate intervals.
The possibility of employing this last method 
governed, in part at least, the choice of Balanus bal­
anoides for this study. It is a sessile intertidal 
animal and hence, the positions of individuals can be 
plotted, or counts can be made of marked areas. Suc­
cessive counts at frequent intervals will then yield an
-2 —
accurate survival curve for the particular group of 
individuals. Being intertidal, they are one of the most 
accessible of marine species so that experiments may be 
performed in natural surroundings with little disturbance.
This study owes much to the work of Hatton (1938), 
who made a most comprehensive study of the survival of 
Balanus balanoides and other intertidal organisms. The 
present study was undertaken to further analyze the 
effects of animal interrelations on the survival of 
barnacles.
A location was chosen at some distance from the 
motor road in an area little frequented by holiday 
fishermen. It was located on the extreme tip of Farland 
point. Isle of 0umbrae (Full National Grid Reference 
26/174541). This proved to be a satisfactory choice, 
since very few people approached the area even during 
the height of the holiday season and only two cases of 
disturbance occured in the two and one-half years of 
study. Most of the censused squares were located on 
vertical faces so that they would not be accidently 
trod upon although some of the lowermost areas were on 
sloping rocks.
The whole study was carried out on an area of 
shore about fifty yards long, with an intertidal width
-3"
of about fifteen yards* Flat reefs exposed at the 
lowest tides extended another twenty yards out. The 
rock, almost entirely composed of old Red Sandstone, 
was in the form of N-3 ridges about 4-6 feet high, 
formed by the tilted rock layers. The east side of 
these ridges was usually vertical, the west sloping, 
and large boulders were scattered in the ravines be­
tween them* Nearby dykes of a dark red basaltic rock, 
Bostonite, contributed some of the boulders and small 
chips of flat rook in the ravines.
Except for the reefs just offshore there was no 
protection from wave action, and the occurrence of 
Alaria esculenta among the low level algae only at 
this point on the island indicates that it was exposed 
at times to moderately heavy surf. Ascophyllum nodosum, 
a good indicator of low'wave exposures, occurred only 
at the heads of the ravines or on the shoreward sides 
of the boulders above M.T.L.
Since it was the intention to analyse the effects 
of predation and space competition on the changes in the 
barnacle population, the study area was purposely kept 
small. In this way, it was hoped that such variables 
as wave action, currents, salinity, sand scouring and 
other unknown physical factors would be kept somewhat
—4-
the same for the various census areas at the same inter­
tidal level. Replicate census squares were established 
when possible W  indicate variability.
All the areas given in this study are projections 
of irregular rock surfaces on to plane surfaces; if the 
amount of irregularity is constant, the relative values 
of density should be comparable. The census squares 
were chosen on flat surfaces to make them as comparable 
as possible. All the counts made _in situ on the shore 
were done on the same type of rock, Old Red Sandstone. 
Since this rock is fairly brittle, the removable stones, 
to be described later, were composed of the Bostonite, 
which has a finer texture than the sandstone and is 
much tougher. These had many minor undulations and are 
probably of the same order of roughness as the sandstone, 
at least in relation to the size of a newly metamorphosed 
barnacle.
Assuming the degree of unevenness of the rock to 
be constant in all the counted areas, the density of a 
group of barnacles of the same age and size is a simple 
matter to calculate. Where more than one age group is 
present, as for example, high in the barnacle zone, the 
calculation of density is more difficult. Since the only 
reason for computing density in this study was to indicate
-5-
the degrees of crowding in growing barnacles, the area 
available for growth of a particular age group was the 
essential measure.
As will be shown later, crowding occurs almost 
entirely during the first two years when most of the 
growth takes place. After this time most of the 
older barnacles simply act as limits to the growth of 
the younger members. It was decided therefore to cal­
culate the area available to these younger groups by 
subtracting the area covered by the older individuals 
from the total mapped area. It must be realized that 
not all this "available" area is used by the young 
growing barnacles, but it was felt that it provided a 
valid estimate for comparison with other areas at sim­
ilar shore levels where the growth rate is presumably 
similar*
All the expressions of density refer only to 
individuals attached to the rock surface; those attached 
to older barnacles were not used since it is almost im­
possible to calculate their area of attachment.
To compare the various areas, the census counts 
have been expressed as numbers per unit of available 
area. This has been done for the area available for 
each year group at the initial count for each square.
—6-
Then all subsequent counts of this square have been 
divided by this same area, so that the survival curve 
is the same as if the original data were used. Each 
curve represents a particular group of animals.^
These survival curves are plotted with the density 
on a logarithmic scale, the time on a linear scale. In
this way, the slope of the curve indicates the relative
mortality rate, irrespective of the numbers of individuals 
involved. This is quite important, since the curves
rarely begin at the same density.
Throughout this account, the mean tide levels 
are indicated by the following abbreviations:
HWS: High water of spring tides.
HWN: High water of neap tides.
MTL: Mid tide level
LWN: LOW water of neap tides.
LWS: Low water of spring tides.
-7-
II SETTLEMENT
1* Methods.
In studying the settlement of barnacles, previous 
workers have counted the numbers at intervals during the 
settlement season. In antifouling work it was usual to 
expose new surfaces at regular intervals. In some oases 
the same surface was allowed to accumulate barnacles, 
counts being made at intervals during the settlement. In 
this study counts were also made, but it was felt that more 
information would be secured if individual cyprids could 
be identified as they attached. When settlement and 
mortality occur together, a count registers only the al­
gebraic sum of these opposing processes; individual 
records are needed to separate them. In addition, in­
dividual records allow further study of any differences 
in mortality between early and late settlers or between 
those settling simultaneously on different types of sur­
face.
Since attached cyprids are small and difficult to 
see on rocks wet with rain it was decided to attach small 
flat stones in the intertidal rock which could be brought 
into the laboratory for examination. These small chips 
from the dykes were picked up in the intertidal zone 
and a hole was drilled through each. The method of
-•8—
attachment of the stone was the same as that used to 
fasten the wire cages to the intertidal rock to exclude 
predators* A hole was drilled in the rock in diameter 
X 1" deep. Then a plastic tube (commercially known as 
a "Maso-plug") was inserted and a stainless steel screw 
driven in. One such screw with spacers of stainless 
steel and plastic "Tufnol" washers was enough to hold 
each stone in place. The stones and cages remained in 
place for over two years without losses. The plastic 
plug allowed quick removal and replacement of the screw.
It was found that plugs one size larger than the drill 
were better. Also, if holes were left empty at high 
tide animals often crawled in and blocked them up; 
therefore the screws were always left behind in the holes.
The identification of individual cyprids for 
future reference was carried out as follows. The stones 
were brought to the laboratory at low tide and placed 
outside on the window ledge. They remained there, except 
for the short examination period, until they were replaced 
on the shore. The time that they were away from the 
shore was almost always less than two hours and it was 
felt that these conditions were very little different 
from those of normal low tide exposure.
In the laboratory a 2" x 1" glass slide marked 
in one-half centimetre squares was placed in a position
-9-
prevlously marked on the atone. The examination area 
was then scanned with a dissecting microscope and all 
new arrivals, metamorphoses and deaths or losses were 
plotted on a ruled sheet to a scale about five times 
natural size. The enlarged scale of the plotting sheet 
allowed notes to be made. For each stone the same sheet 
was used throughout each season. The stone was then 
replaced outside and the next one examined. Without 
exception during the settlement season the stones were 
replaced on the shore before that tide rose; in later 
examinations, after the settlement had finished, the 
stones were sometimes kept in the laboratory overnight 
in running sea water.
Between examinations the plotting maps were ex­
amined and each new individual was given a grid number 
which established its identity. The record sheets 
contained for each cyprid its date of attachment, meta­
morphosis (or death before metamorphosis) and ultimate 
date of death. These occurrences were recorded each 
time the maps were examined.
This method is open to two principal criticisms. 
Some of the cyprids may have clung to the surface, been 
recorded and then have swum away at the next high tide. 
The"clinging reaction" of the cyprids of Balanus bala­
noides has often been described (Pyefinch 1948) and its
-10-
possible role In Intertidal settlement has been postu­
lated by Barnes and Powell (1953)# However, as Knight- 
Jones (1953a) has pointed out, the appearance of a 
permanently attached cyprid is different from one which 
is clinging by its antennae. The attached one, having 
poured out its cement, is pulled down and is rounded 
anteriorly, not pointed as is an unattached cyprid. As 
a further check, note was made of the cyprids as they 
were removed from small areas adjacent to the plotted 
areas on each stone at each examination in the 1954 and 
1955 settlement seasons. With a few exceptions all were 
cemented down; the cement often came away from the stone 
with the cyprid. When the settlement was dense a few 
cyprids were noted lodged, often lying on one side, among 
the other new barnacles. These never metamorphosed and 
are not included in the analysis of the records.
This system would not record any cyprids which 
attached and were killed and washed away all in the two 
high tides between examinations. These omissions are 
more serious when there are longer intervals between 
examinations but the error is partly compensated for by 
the fact that many attached cyprids remain cemented in 
position for days after death. These would be recorded 
as having attached but never metamorphosed.
-11-
Four pairs of stones were used, one pair at each 
of four levels from HTO to below MTL* One pair, stones 
7 and 8, were adjacent on a vertical face* The other 
three pairs were placed with the intention of showing 
the effects of sun and rain; one of each pair was 
fastened under an overhang of rock, facing down, while 
the other was placed facing up on a gently sloping ridge 
at the same level.
The stones were placed out at intervals during 
the 1953 settlement season, so that the later ones 
sampled only the last part of the settlement* The 
stones remained in place for the next two years, thus 
allowing valid comparisons to be made between the three 
settlement seasons. Since the 1954 and 1955 seasons 
were more completely measured, these data were used 
most in the analysis of the settlement pattern. The 
data from the highest stones, 5 and 6, discussed in 
section V.
2. Description and analysis of the settlement pattern.
In Figure 1, the gradual accumulation of barnacles 
during the settlement season is illustrated for the three 
seasons studied. The settlement begins slowly (except 
on some of the stones in 1953 when no early records were 
kept), increases to a maximum and then decreases.
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The dally increments during 1954 are given in Figure 2; 
also shown are counts made on an area of four cm.^ of 
each stone cleared at each examination by picking off 
the cyprids with a needle*
This settlement pattern could result either from 
variations in the planktonic larval supply or from changes 
on the rock surface as the settlement increases. The 
gradual increase to a maximum rate of settlement might 
be expected to result from individual variation in de­
velopment of planktonic larvae and the wide dispersal 
of a single spawning* The counts made on the area cleaned 
daily on each stone, given in Figure 2, show a gradual 
increase in the number of cyprids settling from the 
plankton. Pyefinch (1948) found the same gradual Increase 
in the number of cyprids in plankton samples at Millport.
Another explanation, independent of the plankton 
supply, has been suggested by Knight-Jones and Crisp (1953)• 
They point out that if previously settled cyprids attract 
others to settle, the rate of settlement would be pro­
portional to the numbers already settled. This would 
cause a logarithmic increase of the settled population 
similar to the early population growth of dividing 
flagellates in laboratory cultures. The authors stated 
that they have repeatedly witnessed this process, al-
Figure 2. Numbers of cyprids attaching per 
cm.^ per high tide during the 1954 settlement 
season. The black bars indicate the number 
of cyprids where they were allowed to accumu­
late, while the white bars indicate the numbers 
settling on adjacent areas on each stone where 
space was provided by picking off the cyprids 
with a needle at each examination*
On Stone 17, an additional area was modified 
by killing the cyprids and barnacles, but 
leaving them attached. Each pair of bars has 
been placed in the middle of the interval to 
which they refer*
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though no data were given* To test this hypothesis, 
it would be necessary to eliminate the effect of an 
increasing planktonic larval supply, such as occurred 
in this study. In addition, if logarithmic growth is 
occurring, a semi-logarithmic graph of the data of 
Figure 1 should produce a straight line for the increasing 
portion of the curve. The data for 1954 were plotted 
in this manner and a distinct break in the curve occurred 
about May 1, when the rate of settlement increased 
markedly. This was evidently due to a sudden increase 
in the supply of larvae.
Gradual decrease in the rate of settlement would 
be expected to occur as the supply of larvae from a 
single main spawning dwindled. A decrease in numbers 
attaching to the cleaned area did occur in the second 
week of May, 1954 (Figure 2). However, the decrease 
on the natural area where the barnacles had been ac­
cumulating occurred in the first week of May, 1954 and 
a later increase in larval supply resulted in few 
attachments on the crowded area. Earlier indications 
of the avoidance by cyprids of crowded surfaces were 
observed in 1953» In this year, stone 1 received very 
few new settlers after April 20, but stones 7 and 8,
-14-
placed out on April 23, received a heavy set (Figure 1) • 
The clearing experiment was repeated on all the stones 
in 1955 with similar results to those shown in Figure 2. 
It therefore appears that while the gradual increase 
in the settlement curves of Figure 1 wa3 due to vari­
ations in the supply of planktonic larvae, the decrease 
was independent of this, being a function of the density 
of occupation on the surface of the stone.
Chipperfield (1948) counted the accumulating 
settlement of Balanus balanoidea on pier piles at Liver­
pool, and also on Pecten shells exposed at intervals to 
study the variations in intensity of settlement. These 
counts show that after the settlement had stopped at 
all levels on the piles it continued on unoccupied 
shells placed out later. A similar accumulation of 
Bacteria and protista on plates exposed to the sea is 
given on page 42 of Marine Fouling and its prevention, 
(1952). Other examples of laboratory and natural 
populations undergoing sigmoid growth are given in 
Allee et al (1949).
3# Observations on the behaviour of attaching cyprids.
The first cyprids attached in the hollows
^15-
and concave portions of the surface. An analysis of two 
small portions of Stone 7 in the 1955 settlement season 
is given in Figure 3# The settlement began earlier in 
the concave portion and in the first main wave of oyprids 
it became almost fully occupied. On the convex portion 
the settlement became dense only during the second in­
crease in planktonio cyprids. The oyprids evidently 
attach to convexities only after the hollows are filled. 
This preference of cyprids for grooves and depressions 
in the surface has been often noted in literature on 
barnacles andCrisp and Barnes (1954) have described it 
in detail.
Some information was gathered concerning the 
amount of space needed by a cyprid to effect settlement 
and the reasons for avoiding densely occupied surfaces.
It was noted frequently in the plotted areas that at 
high densities the loss of an individual was usually 
followed by an attachment in the same spot, usually by 
the next examination. The searching cyprid may have 
been attracted by some substance left behind by the 
damaged individual, or may have detected the open space 
on the otherwise occupied surface. Underwater, a densely 
occupied area is covered by a mass of beating cirri 
which probably makes searching rather difficult.
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To get more evidence, a third area was established 
on stone 17» In addition to the two areas treated as on 
the other stones. The cyprids on this area were killed 
with a needle at each examination, but not removed. The 
cement usually holds dead cyprids and barnacles In place 
for some time. Some barnacles metamorphosed between 
examinations and these were also killed but not removed* 
Thus on this area there were damaged Individuals, but 
there was no clrral beating or space, after a short 
time. As can be seen In Figure 2 the cyprids avoided 
this area after It became occupied.
It appears that a bare space on a suitable surface, 
even though It Is only the size of a newly metamorphosed 
barnacle. Is the only requirement for a cyprid disposed 
to attach. Prompt replacement of a missing Individual 
In dense settlements of living barnacles indicates that 
the surface must be constantly searched, despite clrral 
activity.
The numbers attaching to the cleared areas cannot 
be compared to those attaching to bare surfaces newly 
exposed, such as panels or shells, since some traces of 
the attachment cement and body fluids are Inevitably 
left behind on the former. For the purposes of Indl-
-17-
oating the presence of available cyprids and the vari­
ations in their abundance, however, comparison between 
cleared areas is probably valid*
4* Variations in settlement.
As can be seen from Figure 1, the time of the 
main settlement varied annually, although some cyprids 
settled In the first week of April In all three years. 
This agrees substantially with the other records for 
Millport of Elmhlrst (I923), PyefInch (1948) and Barnes 
and powell (1953)* the latest start being April 14.
There were great annual variations In the maximum density 
reached on each stone. This density Is the resultant of 
settlement and mortality. In the discussion of early 
mortality It will be shown that barnacles on any raised 
convex parts of the stones suffer heavy mortality; 
these places are usually bare at the end of the settle­
ment season. If the portion of the stone which was 
being studied contained these convex places, the average 
density would be low even though the surviving barnacles 
were crowded together In the concavities. The photo­
graphs In Figure 4 Illustrate this. If the concave 
areas had been considered separately the densities 
would probably have been very similar. The fact that
Figure 4» photographs of stones 1 and 2 
near the end of the 1954 settlement seasons 
and after some growth had taken place*
May 14, 1954 July 9, 1954
-18-
different portions of each stone vTere examined each year 
accounts for most of the differences In average density.
In section V, table 5•1, it Is shown that the 
annual variations In density of settlement are of less 
consequence than the mortality after settlement in de­
termining the relative strength of the various year classes 
In his study of the planktonlc stages of barnacles at 
Millport, PyefInch (lg48) found great annual variation 
In numbers of nauplil and cyprids in four years. His 
tables 8 and 9 Indicate that In 1946 the survival from 
the nauplli to the cyprid stages was much lower than in 
the other three years. He has little quantitative data 
on the relation between numbers In the plankton and sub-
sequent settlement. However, a comparison of his tables 
Ô 9
3, *7- and ■&, suggests an Interesting situation. In 1945 
the number of planktonlc larvae was about l/lO that of 
in 1944. Yet the density of newly settled cyprids In
p
1945 was 74/cm , as dense as any recorded In the present 
study (Figure 1). Later counts In 1944 and 1945 Indicate 
that the density of young barnacles in 1945 was about 
75 percent of that In 1944. These figures suggest th§t 
the settlement density Is relatively Independent of the 
supply of larvae in the plankton, as has been shown In 
this study. There may well be exceptions to this, however.
-19-
since Pyef inch points out that the poor survival of larvae 
In 1946 was followed by a poor settlement over a con­
siderable area.
Some very Interesting differences In settlement 
between adjacent shore levels were observed In 1954.
On May 3, 1954, when the density of settlement on some
2
of the stones had reached 35 per cm , It was noticed 
that bare boulders between MTL and LWN had only a very 
few cyprids and no metamorphosed barnacles. This was 
so at and above HWN too, although a period of neap tides 
during the previous week may have allowed little time 
for settlement at high levels, despite some wave action. 
The absence of settlement on the bare boulders Just 
above LWN cannot be ascribed to any tidal action, how­
ever, since they were uncovered each low tide. After 
May 3, settlement then began to Increase on these 
boulders ; the first metamorphosed Individuals appeared 
on May 6 and by May 16 the densities were from 12 to 
20 cm^•
This settlement of the bare boulders occurred 
after the stones (Figure 1) and adjoining rock surfaces 
In the mld-llttoral region had been densely occupied. 
During this later period other bare surfaces were also 
being colonized, such as the shells of Mytllus edulls.
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Nuoella laplllus, and even the larger brown and green 
algal fronds. The principal difference between the sur­
faces which had been colonized first, such^ as the ex­
perimental stones, and the ones last occupied, was that 
the former bore adult barnacles.
The low boulders had adults as well as newly 
settled barnacles on them when they were first examined 
In June, 1953* Then during the summer they developed 
"hummocks^, as described by Barnes and powell (195Q), 
the barnacles growing very tall, and packed closely 
together. During the autumn and early winter all the 
barnacles were stripped off by wave action so that by 
April they had been bare for 3-4 months. Nearer mld- 
tlde level where growth Is slower, the barnacles sur­
vived •
The most likely explanation for this delay In 
settlement on bare surfaces Is one based on the work 
of Knight-Jones (1953a). He has conclusively shown 
that this species and other sessile animals are stim­
ulated to settle by the presence of attached Individuals 
of their own species. In the situation In this study, 
once the available space had been occupied In the zone 
where adults existed, the remaining cyprids In the 
plankton had to attach to any other unoccupied hard 
surfaces.
—21—
Barnes and powell (1953) measured the settlement 
in 1951 on a series of intertidal panels attached to 
Keppel pier, about one-half mile from the present study 
area. Their highest density was found just below MTL, 
and decreased Irregularly above and below. They postu­
late that settlement is stimulated by the draining away 
of thin films of water, which are known to elicit a 
clinging reaction'*. The suggestion implies that settle­
ment follows the clinging reaction, although no direct 
observations of such a sequence were made. Barnes and 
powell state that settlement would thus be stimulated In 
the zone between the high and low neap tide levels since 
the rise and fall of the tide would create such thin 
films. The decrease In density above mld-tlde level Is 
explained by an assumed Increase In mortality with In­
creased air exposure. This greater mortality has not 
been found In the present study. (See next section). 
Without direct evidence other than the original single 
series of panels, this hypothesis remains unsubstantlated. 
As pointed out by Crisp and Knight-Jones (1953)» swarming 
at the surface and gregarious behaviour when settling 
would lead most of the cyprids of Balanus balanoldes Into 
the Intertidal zone.
- 2 2 -
other authors have observed the variation in 
settlement at different shore levels. Moore (1955) 
found the maximum densities varying from MTL to LWN, 
but mostly low on the shore. Hatton (1958) examined 
three localities for two years. In three Instances 
the highest densities were at MTL (his level III) and 
In the other three at LWN (his level IV) » In the second 
season when data on adult distribution are available 
all his levels had adults present.
Rice (1955), at Friday Harbour, Washington,counted 
the settlement of three barnacle species. Her results 
Indicate that for Balanus carlosus, the number of adults 
was highest at MTL, as was the settlement. Balanus 
glandula, with no adults present, settled rather evenly, 
with slightly more at LWN. Qhthamalus dalll, with only 
a few scattered adults, had equal densities at HWN and 
MTL and a lower density at LWN. From all this evidence 
It appears that settlement at various levels Is related 
more consistently to the presence of adults than to any 
effect of tide,
5* Evidence of the sources of cyprid populations.
At any one point on the shore the settling popu­
lation may have originated from several sources. The
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following evidence indicates that on the study area the 
settlement was recruited from cyprid populations from 
successive spawnings.
a. Variation in the Intensity of settlement.
Since the same small area on each stone was 
cleared and counted at each examination during the 1954 
and 1955 seasons, these counts should give a true estimate 
of any variations In settlement. As can be seen In 
Figure 1, a small settlement occurred In early April 1954, 
followed by a week of no attachments and then by the main 
settlement In late April. Figure 2 gives the results of 
counts on the cleared areas In May and June. The heavy 
set which colonized the stones is followed by a slack­
ening and later a slight Increase.
The 1955 examinations were made more regularly 
and two heavy settlement periods and a possible third 
one occurred. Each peak In the three years studied has 
been compared to the state of the tide In Table 2.1.
There does not seem to be any correlation between periods 
of heavy set and the state of the tide. Chlpperfleld 
(1948) exposed Pecten shells at Intervals. He found 
three peaks of settlement, spaced 16 and 12 days apart,
two at spring tides, one at neaps, pyefInch (1948) 
studied the variations In numbers of planktonlc larvae.
—24—
The plankton net was fished from a pier for an 
hour each day in a tidal current. This method Is not 
quantitative, since the volume of water filtered may 
vary with the speed of the current. However,to indicate 
the relative abundance of naupllar stages in any one 
sample, this makes no difference, since it is unlikely 
that different stages are collected selectively. For 
each separate naupllar stage three distinct peaks of 
abundance were found, spaced 15 to 18 days apart. This 
could only result from three spawnings spaced at slightly 
more than two week Intervals.
b . Differences In the size of settlers as the 
settlement season progressed.
During the second week of the settlement In 1954 
It was noticed that the cyprids were markedly larger 
than those of the previous week. On April 13 all the 
Individuals which had metamorphosed were measured with 
an eyepiece micrometer In a dissecting microscope.
There had been little growth so that this probably 
represents the size of the Individuals when newly meta­
morphosed. More measurements were made of those Indi­
viduals which attached during the first four days after 
the renewal of settlement In the fourth week. The 
frequency distribution of these measurements Is given In
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Figure 5* It can be seen that a population of small 
individuals began to settle in the first week and con­
tinued into the second week* A short heavier settlement 
of large individuals occurred in the second week. Then 
after a week’s pause another settlement began, composed 
of almost all large individuals.
The differences In the measurements In Figure 5 
are somewhat exaggerated, for the following reason.
During the second week measurements were made on each 
Individual cyprid and then on the same barnacle which 
metamorphosed from it. The cyprid measurements were 
grouped Into l/lO millimetre classes, and the average 
size of both cyprids and metamorphosed barnacles In each 
cyprid size class was calculated. These data are given 
In Table 2.2. Cyprids less than 1.9 millimetres in 
length developed Into relatively smaller barnacles than 
the larger cyprids. These smaller cyprids were of a 
darker colour and the dorsal edge of the carapace was 
more sharply ridged ; the larger cyprids were more 
rounded dorsally and of a lighter colour.
The reason for the small size of this first group 
of settlers Is not known. They may either have originated 
from a different spawning stock or perhaps had less 
favourable circumstances during their early planktonlc 
life. Their survival was much poorer than the larger
Figure 5# Measurements of newly metamorphosed 
barnacles In the first, second and fourth 
weeks of the 1954 settlement season. The 
measurements In each week refer only to barn­
acles attaching during that week.
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individuals attaching in the second week* (See section 
III). The possibility that they were cyprids of another 
species was disproved by later examination of the ones 
which survived and grew* it appears that the settlement 
in the first two weeks of the 1954 season came from two 
sources.
These cyprid measurements were made on attached 
individuals; as pointed out earlier, these have the 
anterior end pulled down, so that for comparison with 
measurements of planktonlc cyprids the sizes may be 
slightly smaller. Measurements of planktonlc cyprids 
by other workers are given in Table 2*3* Some of the 
cyprids in the fourth week, 1954, were larger than those 
measured at Millport previously.
Barnes (1953a) measured Balanus balanoldes oyprids 
in a series of five plankton hauls made over two and one- 
half weeks at Millport. He found two modal sizes, one 
at 1.02mm, the other at 1.12mm. Both modes persisted 
for the period studied; this was interpreted as indi­
cating the presence of two populations in the plankton*
He also measured stage I nauplii teased out of barnacles 
in the laboratory. Nauplii from one-year-old barnacles 
taken from low in the intertidal zone were slightly 
smaller than those from barnacles of twice their length
—2 Y—
oolleoted from a high zone* No test of slgnificanoe of 
the small difference between these average naupliar 
sizes was made, however, and the effect of adult size 
and different shore level cannot be distinguished* Barnes 
suggests from these data that the different sized cyprids 
have originated from different levels on the shore*
c * Variations in the time necessary to meta­
morphose after attachment* '
The dates of both initial attachment and subse­
quent metamorphosis were recorded for all the individuals 
plotted on the stones. Calculations of the average time 
between attachment and metamorphosis for the cyprids 
attaching each day were made in the hope of revealing 
any effects of tidal level or season on the cyprids.
Only those periods when daily examinations were 
being made were chosen for the calculation. Any oyprids 
which metamorphosed the day following the date of re­
corded attachment were recorded as taking one day to 
metamorphose* This is the best possible estimate since 
they had had two high tides to attach before they were 
recorded and two in which to metamorphose by the next 
examination. Metamorphosis the second day was recorded 
as two days and so on* The total number of days to meta­
morphosis was divided by the number in each day’s settle-
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ment which survived to metamorphose. This gave the aver­
age metamorphosis time for each daily settlement. This, 
of course, is an estimate based on examinations made only 
once a day and so is useful only for comparative purposes* 
The true time between attachment and metamorphosis would 
probably be somewhat shorter than that calculated.
The longest series of daily observations took 
place in 1955 on stones 7 and 8, The settlement intensity 
was judged from the numbers attaching to the area which 
was cleared at each daily examination on these stones.
The 1955 settlement season was characterized by three 
periods of low settlement rate, (less than 10 cyprids/cm^/ 
two high tides), each followed by a period of higher 
settlement rate. All the cyprids which attached and 
metamorphosed in each period were taken and the average 
time between attachment and metamorphosis calculated*
These data are given in Table 2.4 and it can be seen 
that at the times of low rate of settlement the period 
between attachment and metamorphosis was longer* The 
records of stone 1 in 1953 were treated similarly, since 
daily examinations had been made then in periods of 
both low and high settlement rates. Similar variations 
occurred in both years.
-29-
One possible explanation for this is suggested 
by the work of Knight-Jones (1953b). He has shown that 
artificial prolongation of the planktonio life of Spir- 
orbis borealis leads to profound changes in the behaviour 
of the larvae. They show much less discrimination in 
their choice of settling surface after a longer swimming 
period. The similarity in the mode of life of the adults 
and in the gregarious behaviour when settling of the 
larvae of Spirorbis and Balanus, lends support to the 
assumption that similar physiological changes may occur 
in the Balanus planktonio larvae. Ohipperfield (1948) 
noted that cyprids which had been brought into the lab­
oratory settled in from one to four days. He believed that 
this variation might indicate that a cyprid needed to 
develop a certain physiological condition before it at­
tached. Knight-Jones (1953a), prolonged the swimming 
stage of Balanus balanoides cyprids in the laboratory 
for two weeks with little ill effect. Hia numbers were 
too small, however, to determine whether they attached 
more readily after this delay. Pyefinch and Mott (1948) 
noted variations in the sensitivity to copper of cyprids 
caught on different days. Near the end of the settle­
ment season, with the decrease in numbers of cyprids 
caught, the sensitivity increased. In addition, the 
sensitivity of cyprids kept in the laboratory increased the
-30-
the longer they were kept. Some of each hatch caught 
were kept as controls; the time taken by the controls 
to attach after being caught was shorter in the groups 
which exhibited high sensitivity. This evidence seems 
to indicate that the cyprids undergo physiological changes 
in the plankton.
If planktonic cyprids go through physiological 
changes which lead toward their eventual settlement and 
metamorphosis it might be expected that the longer they 
remained in the plankton, the more ready they would be 
to settle and metamorphose, as Knight-Jones showed with 
Spirorbis♦ If this is so, the observed lengthening of 
metamorphosis time between the peaks in settlement 
intensity may be evidence that a different population is 
beginning to arrive, composed of cyprids spawned later 
than those which composed the preceding peak in settle­
ment. The first arrivals of a later spawning would have 
been in the plankton a shorter time than the last sett­
lers of the previous spawning and would take longer to 
metamorphose after attachment.
Another possible explanation is that the meta­
morphosis might be hastened at a time of heavy settle­
ment by some stimulus to the attached cyprids such as 
an increase in the number of contacts with searching
-51-
cyprids. This seems less likely, but a controlled 
experiment would be needed to decide this question.
To sum up, the evidence of successive increases 
in the rate of settlement, the presence of separate 
size groups of cyprids and the regular decrease in the 
period between settlement and metamorphosis for each 
peak of settlement all seem to indicate that the shore 
population is derived from successive spawnings.
Whether these spawnings come from separate lo­
cations or whether only part of the population at any 
one place spawns at once is not known. Examination of 
the reproductive condition of adults of Balanus bala- 
noides by pyefinch (1948) and Bousfield (1954) in early 
spring indicated that some individuals of a population 
may spawn earlier than others.
Moore (1954) noted a separate late settlement of 
Balanus balanoides at port Erin in 1951* Ghipperfield 
(1948) observed variations in intensity of settlement 
of Balanus balanoides on shells exposed at intervals.
Pyefinch (1948) and Barnes and powell (1955) working 
with Balanus crenatus have shown that successive settle-^ 
ment8 take place throughout the summer. Grisp and Davies 
(1955) showed th^t in Elminius modestus, the same indi­
vidual may spawn more than once during the summer,
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rapidly refilling the ovaries with new eggs while the 
embryos of the previous fertilization were developing. 
There is no evidence for such a process in Balanus 
balanoides; refilling of the ovaries occurs slowly 
during the summer, fertilization only in the autumn.
During the 1954 settlement season the length of 
time between the examinations of the stones varied. For 
this reason it is Impossible to compare the average time 
between attachment and metamorphosis in 1954 with the 
other years. However, from April 4 to April 29 the 
examinations were made on the same days on all the stones, 
so that the data are strictly comparable between shore 
levels. For this period all the barnacles attaching on 
each pair of stones at the same level were taken as a 
group, and an average time between attachment and meta­
morphosis calculated. These calculations are given in 
Table 2.5* It appears from these data that longer 
immersion has no consistent effect on the period between 
attachment and metamorphosis.
These studies of three settlement seasons at 
Millport have shown that the supply of larvae in the 
plankton has always been more than adequate to populate 
the favourable places. The survival of these settlers 
will be considered next.
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III Mortality during the settlement season.
The main portion of this study has been devoted 
to following the survival of barnacles under various 
natural and experimental situations. The remainder of 
this paper is divided into parts corresponding approxi­
mately to successive periods in the life of a barnacle. 
These divisions are:
1. The settlement season before any - 
appreciable crowding takes place.
2. The succeeding growing seasons when 
crowding seems to be of great importance.
3* The mortality at high shore levels 
where no crowding or predation occur.
4. The period of predation by Nucella
lapillus.
1. Daily mortality in relation to the weather changes.
Since observations were closely spaced during the 
settlement season it seemed advisable to calculate the 
percentage of deaths which took place between observations 
and study this in relation to the daily weather changes.
It was found that if more than one day had elapsed be­
tween examinations, it was often difficult to connect 
the mortality with the weather, which often showed sharp
changes from day to day. Observations each day had been 
made only during the 1955 season, so that for this 
particular analysis, these data alone were used. For 
each daily interval the number which died was divided 
by the average number present.
A dead barnacle can be recognized by the appear­
ance of its shell which becomes shrunken and discolored 
in patches in very young individuals and chalky white 
in older ones. Also, the opercular valves are often 
sunken or gaping open. The time of death of cyprids 
was much more difficult to determine since they often 
remained cemented in position for a week or more before 
falling off* These gradually became withered and dark, 
but no criterion was found, other than disappearance, 
for assigning an exact date of death. For the cyprids, 
therefore,, it was decided to take each day’s attach­
ments as a group, calculate the percentage which never 
metamorphosed, and consider this mortality with reference 
to the weather of the day following attachment. This 
calculation assumes that most deaths were caused soon 
after initial attachment, which is probable. Only data 
for those days on which ten or more cyprids attached 
were used; this limited the comparison to the fairly 
short period of heavy settlement.
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Prom dally observations of the weather, supple­
mented by the temperature, rainfall and wind records 
made at the laboratory, six weather classifications 
were made; these are given in Table The daily
intervals between examinations were grouped under their 
appropriate weather type and the average daily mortality 
rate for each type was calculated as indicated above.
The other columns of the table indicate, for each 
weather type, the occurrences of exceptionally great 
mortality, shown as the ratio of the number of days of 
high mortality to the total number of days. For the 
metamorphosed barnacles the days listed are those when 
the mortality exceeded 5^ of the total number present 
during the interval. For the cyprids, where the average 
mortality, especially on stone 7, was much greater, the 
days listed are those when the mortality exceeded 20^ 
on stone 7, and 10^ on stone 8.
From this table it can be seen that cyprids 
attaching during the five continuous very warm days 
suffered more mortality than those experiencing cloudy 
or rainy weather shortly after attachment. On the other 
hand, warm days were associated with only average mort­
ality among metamorphosed barnacles, but windy days and 
especially gales caused great damage.
2. Differential survival of early and late settlers.
Another analysis of the data was carried out as 
follows. Taking each stone separately, the individuals 
which had attached in each week of the settlement season 
were taken as a group and their survival curve was 
plotted. These curves for 1954 and 1955 are shown in 
Figure 6. Since it has been assumed that any cyprids 
which failed to metamorphose died within one day after 
attaching, the cyprid mortality for each week was com­
bined and plotted as occurring in one day.
It can be seen that no general relation exists 
between cyprid mortality and time of attachment, cyprids 
attaching in some of the later weeks surviving better 
than in earlier ones, and vice versa. Since later set- 
lers must generally attach to more densely occupied 
surfaces, the same lack of correlation seems to exist 
between higher density and greater mortality. In 1954, 
the main settlement occurred in weeks 5 and 6 (Figure 1); 
a comparison of the cyprid mortality in weeks 4, 5, and 
6 shows that on stones 1, 3, ana 4, the death increased 
with increasing density of set, on stones 7 and 8, it 
decreased, and on stone 2, it increased and then de­
creased. At the end of settlement, during weeks 7 and
Figure 6* The survival of Balanus balanoides 
from initial attachment as cyprids during the 
1954 and 1955 settlement seasons. All the cy­
prids which attached in each week of the sea­
son were taken together and their survival 
plotted as the percentage of the original num­
ber. The beginning of each curve, shown as a 
thin continuous line, indicates the percentage 
of cyprids which died before metamorphosis; 
this cyprid mortality was assumed to have hap­
pened within one day after attachment, and 
this portion of the curve was plotted accordingly. 
The rest of each curve is the survival of meta­
morphosed barnacles, the points being at 
weekly intervals to allow easier comparison 
between the slopes of the curves. The slope 
indicates the relative death rate, since the 
ordinate is on a logarithmic scale. See text 
for further explanation.
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8, the mortality usually, but not always, increased. 
Similar irregularities occurred on stones 7 and 8 in 1955.
The high cyprid mortality during the third week 
of the 1955 season can be ascribed to the unusually warm 
calm weather at this time. During 1954, a comparison 
of stones 1 and 3, protected from the direct sun, with 
the unprotected stones 2 and 4, shows the damaging effect 
of the sun. Only on stone 3 in 1954, protected from the 
sun and most wave damage, did the mortality of cyprids 
increase from the first to the fifth week. Thus with 
the main environmental causes of death removed there 
seems to be better survival among earlier settling cy­
prids on Stone 3.
The survival of the metamorphosed barnacles in 
the various weekly sets can be compared best by con­
sidering the death rate over a short period of time 
when considerable mortality has occurred. Without some 
destruction no selection between weeks can be occurring, 
as is shown on stone 3, while to make a comparison of 
the percentages surviving at the end of settlement 
would ignore the fact that the earlier weeks’ settle­
ments have been exposed to death longer. Since the re­
lative death rate is indicated by the slope of the curve, 
the mortality can be easily compared in any chosen inter­
val.
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It has been shown that the individuals in the 
first week of the 1954 season were small, and in general 
their survival was very poor. The rest of the settlement 
seemed to be composed of normal-sized individuals so that 
for the purpose of this discussion only weeks 2 to 8 will 
be considered. The greatest mortality in 1954 occurred 
on stones 1, 2, 4, and 7, during a gale on May 25th#
A comparison of the curves of weeks 2 to 7 (the settle­
ment of week 8 followed the gale) shows that the earlier 
sets survived better than the later ones, as indicated 
by the increasing slopes of the curves of the later 
sets. This is true in 18 of the 20 curves (5 weeks on 
4 stones); the two exceptions are week 7 on stone 2, 
and week 5 (which was equal to the previous week) on 
stone 7*
In 1955, a similar increase in mortality rate
of later settlers occurred on stone 8 from May 14-20,
though from April 24-30, there was a lower death in the
fourth than in the third week* On both stones the sets 
+ h e
of^first two weeks show a markedly better survival rate 
than all the later ones. The consistency of these 
results is surprisingly good, considering that these are 
natural populations exposed to accidental damage from
-39-
debris, etc. Early settlers, being older, have probably 
had more time to develop a thicker shell and a broader 
base; also, they had attached at a time when density was 
low and when there presumably was a better choice of 
attachment sites. As was pointed out in the previous 
section, during the early parts of the three settlement 
seasons observed in the present study, cyprids attached 
first in the pits and hollows of the irregular surfaces 
of these stones. Once these hollows were occupied, the 
later settlers had room to attach only on the unoccupied 
convexities of the surface. As was shown in Table 3,1, 
warm weather caused no great mortality to metamorphosed 
individuals, most death being associated with windy days 
and gales when damage by waves or wave-borne objects is 
Jikely. It might be supposed that barnacles on the 
higher portions of the surface would be more likely to 
be damaged than those in hollows. To test this, two 
small portions of the area studied on stone 7 in 1955 
were Chosen, one a concave area where barnacles had 
persisted, the other a convex one which was almost com­
pletely bare at the end of settlement* From the indi­
vidual records the curves of settlement were constructed 
and are shown in Figure 3. The settlement started a 
week later on the convex area and during the main settle-
Table 3.2 — The mortality during the settlement 
season in one gale on April 25,
1955* The barnacles attaching during 
each week of the season before the 
gale are treated separately, to 
indicate the effect of age; two 
types of surface were considered 
separately also.
Type of surface Concave Convex
Week of settlement 
season : 1 2 3 4 2 3 4
NO. alive April 24: 8 23 15 13 8 5 56
No. dying between 
April 24 and 26 : 0 0 1 1 5 3 51
% death In the 
interval : 0 0 7 8 62 60 92
-40-
ment period in early April only reached one-third the 
density of the concave area. An increase in planktonic 
cyprids about April 20, as indicated by Increased 
attachments on an area of stone 7 cleared of cyprids 
daily, resulted in a rapid colonization of the convex 
area when the concave areas were almost completely 
occupied. The gale of April 25th caused great destruc­
tion on the convex area, but not on the concave one.
The behaviour of cyprids leading them to attach in hol­
lows evidently has great survival value.
This same analysis was used to determine whether 
the earlier sets survived better by virtue of their 
greater age, when presumably they would have a somewhat 
thicker shell. The two areas were divided into the 
weekly sets ana the death rate during the April 25th 
gale calculated. These calculations are given in Table 
3.2. A much greater difference is shown in the death 
rates between the two areas than in those within each 
area. There is some suggestion that within each area 
the earlier settlers can better withstand the effects 
of a gale. However the protection offered by the con­
cavity is much more important, indicating that the 
earlier settlers survive better because they occupÿ. 
the more protected positions.
-41-
3# Discussion of the causes of early mortality.
From the previous findings it appears that 
physical damage is the most important cause of early 
mortality, with some additional mortality of cyprids 
from exposure to the sun during hot weather. After 
gales, many barnacles were noted as missing, and some 
of the rest had wall plates broken or cracked. It seems 
probable that this damage was caused by wave-borne ob­
jects rather than by the force of water alone, but there 
is no evidence on this matter.
Another agent which may cause such damage is the 
limpet, patella vulgata. In 1955, regular grooves were 
noted on the stones, as shown in Figure 7 # Broken 
barnacles were found in association with these grooves^ 
on some days when no appreciable wave action was occurring, 
The dimensions of these scratches are such that they 
could have been made by the radula of a limpet. An ex­
periment performed during the 1954 settlement season to 
demonstrate the effect of limpets is illustrated in Fig.
7.‘ Two cages were attached to a slope of bare rock 
where limpet radula marks indicated heavy grazing. One 
cage was attached over two limpets, the adjoining cage 
having none. After the settlement season was over, the 
photographs in Figure 1* were taken. It is possible
Figure 7* (a) The effect of grazing by Patella 
vulgata on newly settled barnacles. The cages 
had been in place during the 1954 settlement 
season; these photographs were taken on June 22 
One cage enclosed two limpets, the other ex­
cluded all limpets (x 1/6)
(b) photomicrographs of radula 
marks on Stone 7, May 5, 1955, presumably made 
by a limpet. (x3*4)
(c) A trap which caught fishes 
and crabs which visited the intertidal zone 
at high tide; it is about two feet long.
a .
b.
c .
Table 3*3 —  Percentage mortality during three
successive settlement seasons*
Percentage of 
Ht.from the total cy-
MTL
Stone in feet 
No.
prids attach­
ing which did 
not metamor­
phose
percentage of percentage of 
those which all those which 
metamorphosed attached which 
but which died died before the 
before the end end of the set- 
of the settle- lement season, 
ment season
1953 settlement
8 + 2.2 13 11 22
7 II 18 23 37
4 + 1.1 23 23 40
3 II 5 7 12
2 -0.9 18 63 70
1 w 13 17 28
1954 Settlement
8 + 2.2 8 22 28
7 II 13 43 51
4 + 1.1 13 75 78
3 II 5 17 21
2 -0.9 22 42 55
1 I 13 65 70
1955 settlement
8 + 2.2 12 43 50
7 II 30 65 76
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ttiat the restriction by the cages may have resulted in 
more intense gra;zing inside the cage than on the open 
shore* But it seems obvious that the limpets can reduce 
the density of barnacle settlement appreciably. Inside 
the cages on Area 1 (described in the next section) the 
density of settlement in the narrow spaces between the 
tall older barnacles was very high* This suggests that 
the limpets present in the cages were not able to graze 
in these places. Hatton (1938) cleared the limpets away 
from the area surrounding his settlement sites to prevent 
the destruction of the young barnacles. He states that 
the limpets did not damage older barnacles; this was 
confirmed in the present study by the good survival of 
older barnacles in cages with limpets on Area 1.
The effect of increased exposure to air at higher 
shore levels is difficult to ascertain from these data, 
since the stones are not strictly comparable in surface 
roughness or angle of attachment. A summary of the over­
all settlement season mortality is given in Table 3#3* 
From this it can be seen that even on the stones most 
similar in situation, numbers 2 and 4, there was greater 
cyprid mortality on the higher one in 1953 and on the 
lower one in 1954. The mortality among the metamorphosed 
barnacles was the inverse of this. Also, the highest
-43-
pair of stones, numbers 7 and 8, never had the highest 
mortality. This lack of correlation with increasing 
air exposure would be expected from the evidence that 
wave damage rather than warm weather is the more im­
portant cause of death. Once metamorphosed, the most 
dangerous time for newly settled barnacles is when they 
are immersed.
Deevey (1947), using the data of Weiss (1948), 
suggested that survival was poorer at times of maximum 
settlement of Balanus improvlsus on continually sub­
merged glass plates in Florida. This data was obtained 
by comparing the final numbers of barnacles surviving 
on plates exposed for a month with the sum of the 
numbers of cyprids attaching each day to a plate wiped 
daily. At certain times, fewer attached over a month 
to the plate cleaned daily than survived after a montlis 
exposure on the other plate. This suggests that the 
wiped plate was less attractive to cyprids than the one 
which had both a bacterial slime and previously settled 
barnacles, both of which have been shown to increase 
the numbers attaching> (Miller et al 1948, Knight-Jones 
1953a). In addition, the maximum number on the panel 
exposed for a month depended not on the area but on the
*44"
season, since during the summer the faster growing 
barnacles covered the panel with about a third of the 
number that could attach in winter. Thus, from this 
study no accurate relation between mortality and density 
can be derived. In the present study it has been shown 
that the mortality of cyprids is not correlated with 
density. The increased mortality of those metamorphosed 
individuals which attached late in the season when the 
density of occupation of the surface was high has been 
shown to be due primarily to the previous occupation of 
protected sites.
There is a possibility that some of the early 
mortality may be due to predation by associated animal 
species. The effect of patella vulgata has been dis­
cussed. As will be shown later, Nucella lapillus does 
not feed much on young barnacles if older barnacles are 
available as food. On the stones used, older barnacles 
were present, so that is is doubtful that Nucella caused 
much mortality to the newly settled individuals.
To investigate the other animals associated with 
the barnacles, all the organisms on small areas of 
barnacle covered rock were collected on several occasions 
in the summer and autumn of 1953* This material was 
brought into the laboratory and examined. Collections
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were made from above and below MTL* The principal groups 
represented were the Turbellaria, Nematodes, Oligochaetes, 
G-astropods, Lamellibranohs, ostracods, and Hydracarina. 
Fewer Copepods, Amphlpods, Isopods and the insects Anurida 
maritlma and Ohironomid larvae were found, plus a few 
polychaetes of the species Eulalia viridis# Only the 
last species would be likely to be a possible predator. 
Moore and Kitching (1939) observed Eulalia opening a 
barnacle. Several observations of foraging by Eulalia 
were made in this study ; the worms seemed to be searching
in all the crevices and empty barnacles. One was seen
capturing a large chironomid larva among barnacles, but 
no sign of any attack on live barnacles was observed.
To study the larger animals, a fish trap (see 
Figure 7) was constructed over an area of barnacles 
so that any fish or crabs foraging over the surface at 
high tide would be caught. No bait was used. Seven 
species of fish and three species of crabs were caught 
during operation of the trap for 19 tides in July and 
August, 1953. The list of species caught is as follows: 
FISH GRABS
Labrus bergylta portunua puber •
Qtenolabrus rupeatris Carinas maenas
Qentrolabrus exeoletus Cancer pagurus
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Gadus Virens 
Qottus bubalis 
Onia mustela 
Onis mediterraneus
Only Qtenolabrus rupeatris was caught regularly.
A few stomachs of each were examined, and traces 
of barnacles were found only in those of Labrus and 
portunus. No blennies, Blennius pholis, which have been 
stated to feed heavily on barnacles (Hartley, 1949) were 
caught.
The droppings of the Purple Sandpiper, Qalidris 
maritima and the Black-headed gull, Larus ridibundus 
were examined but no barnacles were found in them. Rock 
pipits, Anthus spinoletta were common but the observations 
of Gibb (quoted in Lack, 1951) indicate that Littorina 
and idotea are its principal food. Rats and rabbits were 
also observed on the shore but no stomach contents were 
examined.
From this superficial survey it would seem that 
none of these possible predators in their present 
abundance could cause mortalities among newly attached 
barnacles comparable with those associated with gales.
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IV* Mortality from crowding.
A. Description of the study areas.
In November, 1952, the first area was establiS'hed 
on a six foot vertical face of sandstone extending from 
mid-tide level to above the upper level of the distri­
bution of Qhthamalus stellatus. it formed the west side 
of one of the ravines. Most of the force of the waves 
from the sea to the south was thus exerted across this 
face rather than directly against it.
On this vertical area three horizontal levels 
were chosen, 20 centimetres distance apart, vertically.
At each level the barnacles on three squares of about
o
25 to 30 cm^ were mapped. The squares were about 10 
centimetres apart horizontally. Then one of the squares 
at each level was covered by a cage, constructed of 1/8” 
mesh stainless steel wire netting; the cages were about 
5 inches square and one inch high. The edges were fitted 
closely to the undulations of the rock to prevent any 
Nucella lapjllus from entering. The space of an inch 
inside the cage above the barnacles and the rather wide 
mesh allowed what appeared to be an adequate opening for 
the passage of feeding currents. The specifications for 
this mesh as woven of No. 22 gauge wire, indicated an 
^open screening area of 60.2^. Subsequent growth of indi-
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viduals inside the oage appeared to be equal to that of 
those outside, and at the same density survival was 
about the same, another indication of similar growth.
In addition, a sheet of the same netting was spread 
out from one side of the cage over one of the ad joining 
census squares, about one inch away from the rock surface. 
This afforded protection to this square from damage by 
floating objects and provided somewhat similar conditions 
of current, wave and lighting as the cage while allowing 
Nucella free movement underneath. This square was termed 
the "cover”, while the unmodified one was termed ”control”, 
The method of attachment of these cages was similar to 
that of the stones described in section III. A photograph 
of this area is given in Figure 19 »
The mapping of each square was done on graph paper, 
a grid of threads of one square centimetre opening being 
used as a guide on the rock surface. In November 1952, 
every individual was mapped and the settlement of that 
year, then six months old, was distinguished from the 
rest. It was possible to distinguish these from the older 
year groups, by their smaller average size and the 
appearance of the shell. In barnacles aged 6 months above 
MTL, the shells were quite thin, and the upper edges of 
the parieties are still uneroded; the surface was fairly
Table 4.1 -- The overlap in size between the 
largest individuals of Balanus 
balanoides at six months of age 
and the smallest individuals at 
18 months of age. All barnacles 
uncrowded.
Area
Dates of 
measure­
ments
Length in mm at 
age six months
Length in mm at 
age eighteen mos.
AuthorityAverage
Largest
indivi­
dual Average
Smallest
indivi­
dual
Upper Nov. 5,
Control 1 1954 2.2 3.4 3.8 3.4 Photo­
graphs of
Upper Area 1,
Cover t l 2.4 3.6 3.8 3.0 present
study
Middle
Control 1 tt 2.9 3.6 4.1 4.0
Low
Control 2 Nov. 14 2.8 3.6 3.9 3.5
1954
panel 3 October 14.5 18.4 18.8 14.7
of 1951 Original
panel 5 and 1952 16.0 18.5 20.5 16.8 data of
Barnes and
Panel 6 17.0 20.4 20.0 16.7 powell(1953)
Panel 7 17.5 19.4 21.5 14.6
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smooth and white. The previous year group, then aged 
years, had undergone much erosion so that the upper 
edges of the shell were thick and rounded, no new shell 
having been added there. (Growth in the compartments of 
a barnacle, according to Darwin (1854), occurs only 
along the basal and lateral edges of each wall plate; 
erosion of the top edge is not replaced). The surface 
was darker and often pitted, in these older individuals, 
probably due to boring algae (Parke and Moore, 1955)# 
These differences in appearance were more reliable than 
size in separating the youngest age group from all the 
rest. In fact there was generally some overlap in the 
size range at this time, as can be seen from Table 4.1. 
Measurements were made from photographs of the plotted 
squares which had been under observation for two years. 
Two year classes had settled in this period and at the 
time of the photograph were 6 and 18 months of age. Also, 
included in this table are some data kindly provided by 
Mr. H. T . Powell, from the study of growth rate published 
in Barnes and powell (1955) ; from this data measurements 
of the same group of animals in their first and second 
autumns are compared, in three of the four squares of 
Area 1 and on àll of the four panels of Barnes and powell 
an overlap in the extremes of size occurred between the
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6 and 18 month old groups. There was no difficulty in 
separating the groups, however, since the largest 6 
months old barnacles were the most different from the 
18 month group in general appearance. Besides, having 
smooth thin shells, these fast growing individuals had 
increased their basal area faster than their opercular 
opening, resulting in a low barnacle with a proportionally 
smaller opercular opening. There seemed to be no reli­
able way to distinguish the various age groups older 
than 1-| years. Kuznetzov and Matveeva (1949) state that 
barnacles from the Arctic coast of Russia have definite 
annual growth rings. Such rings were not obvious at 
Millport, perhaps because the seasonal variations in 
climate were not as great as in Russia. No attempt was 
made to use the method of Parke and Moore (1955); after 
the second summer the entire shell appeared to be pitted 
by boring algae.
To indicate the relative amount of exposure to 
air of the three levels of Area 1 and of the other areas 
established later, a curve of intertidal height vs. 
percentage of time submerged was obtained from Mr. H. T . 
powell. This curve had provided the information included 
in Table I of Barnes and powell, (1955), and was calcu­
lated from the Admiralty Tide Table, 1952, corrected for
-51"
Millport. The heights above or below MTL, and the per­
centage submergence for all the areas are given in the 
Appendix.
Following the settlement seasons of 1953, 1954, 
and 1955, the newly settled group was counted on each 
area. On Area 1, where the older barnacles had already 
been mapped, the new settlers were not mapped individu­
ally. Instead, a smaller area surrounded by mapped 
older individuals was indicated on the map and all the 
new barnacles in this area counted. To avoid any chance 
of duplication, each barnacle as it was counted was 
touched with a small brush containing yellow water colour 
paint. This washed off in the next few tides. This 
system was used on the other areas where detailed map­
ping of every individual was not done. Just before the 
1954 settlement season the remaining 1953 individuals 
were mapped so that the new settlement could then be 
easily delimited and counted.
In the autumn of 1953, it was decided to set up 
other census squares at the same three levels on Area 1* 
Besides providing more replicates as a check on the 
variability of adjacent areas these new squares more 
closely resembled the unprotected controls than the caged
—52 —
squares, whose age structure was quite different from 
the surrounding population after a year of protection.
By December, 1953, there was a total of 16 squares, 6 
of them caged, on Area 1. These later squares were 
larger than the original ones. On all these areas 
periodic counts were made every 4-6 weeks.
In the summer of 1953, after counts had been made 
of the new 1953 settlement on the squares of Area 1, 
two pairs of large boulders were selected to study the 
survival low in the intertidal zone. It was hoped to 
keep one of each pair of boulders free of Nucella by 
hand picking at frequent intervals, but this proved im­
practical for Boulder 1, so that after a month the 
attempts at exclusion were stopped. On Boulder 5, which 
was more isolated, the method was successful in the sum­
mer of 1954, but predation by starfish (Aeterias rubens) 
also occurred at this low level. On these boulders in 
1953, instead of mapping, a narrow strip was cleared of 
barnacles around each square and the number inside the 
boundary simply counted. It was later felt that this 
was not a good method for delimiting a group of barnacles 
for periodic: counts, since the individuals bordering the 
cleared strip would be less crowded than those surrounded 
by other barnacles. Therefore, in the summer of 1954,
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pieces of thin glass (cleaned used photographic plates) 
were placed directly on the rook and the bordering 
individuals of the square marked directly on the glaes 
with glass-marking ink* pits drilled outside the area 
allowed exact orientation of the glass plate for later 
counts. The glass-marking ink was very tenacious, 
allowing the plate to be washed without loss of marks. 
Eventually all the census areas were re-mapped using 
glass plates, which allowed a much more rapid checking 
in the field. The maps were traced on to thin paper so 
that notes could be made at each examination. In the 
Appendix the total number counted and the area of rock 
containing this number is given for all the areas studied.
B* The crowding process.
In the latter part of the settlement season the 
new barnacles on the more densely occupied surfaces were 
usually touching e#^ ch other, as shown in the photographs 
in Figure 4, taken in May, 1954. Further growth, which 
is quite rapid at this time as has been shown by Hatton 
(1938), produces certain effects which are commonly des­
cribed under the general term of ”crowding”. Some of 
•these effects can be observed directly, as for example 
the changes in growth form with extreme crowding, or the
-“54-
displacement described in the present work. Other crowd­
ing effects are less obvious, such as the lower average 
growth rate suggested by Moore (1935) and Ohipperfield 
(1948) and most probably certain unknown results which 
may tend to decrease the barnacle’s resistance to adverse 
factors.
1# The growth of Balanus balanoides.
crowding occurs when barnacles are in contact 
and are actively growing. Deevey (1947) attempted to 
measure crowding by calculating the number of "binary 
contacts" per unit area; this number he termed the 
"crowding coefficient", combining density and size to­
gether. But of equal Importance in crowding is growth, 
since with the same number of contacts, more pressure 
will be exerted between the members of a faster growing 
population. For Deevey’s coefficient to be true, barn­
acles of the same size (and therefore having the same 
crowding coeifIcicnt at a similar density), must grow 
at the same rate. Barnes and powell (1953) have shown 
that for the first growing season at least, Balanus 
balanoides individuals at lower tidal levels have greater 
growth rates in relation to their size than those at 
higher levels. A knowledge of growth variations between 
locations and seasons is necessary for a full analysis 
of crowding.
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The growth of Balanus balanoides has been well 
studied in western Europe. The principal investigators 
have been Runnstrom (1925) in Norway, Hatton (1938) in 
Brittany, Moore (1934, 1935, 1936a)in the Isle of Man, 
and Plymouth, England, Ohipperfield (1948) at various 
places on the east, south, and west coasts of Britain, 
Gorlett (1948) in the Mersey estuary, Sokolova (1951) 
in Russia, and Barnes and Powell (1953) at Millport, 
Scotland.
The results of these studies of most relevance 
to crowding are as follows. Growth is more rapid when 
there is more water movement, such as on wave-beaten 
points or in tidal currents, (Hatton, 1938; Moore, 1935; 
Ohipperfield, 1948). These authors all believe that 
this is the result of more food being brought to the 
population by the increased circulation.
Moore (1935) noted that barnacles packed closely 
in a groove grew slower than adjacent Isolated individuals 
He suggested that the food in the water flowing over the 
surface is shared among more individuals at a higher 
density. This suggestion is supported by the observations 
of Ohipperfield (1948), also at port Erin. Of two simi­
larly situated populations at different densities, barn­
acles in the less dense group grew to an average length
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of 5#8 mm. by October while in the more dense group 
they reached an average of 4.2 mm. In this experiment 
the barnacles in both groups were growing without con­
tact. While not conclusive, these observations suggest 
that there may be local depletion of food in dense ag­
gregations of barnacles. On the other hand, Kuznetzov 
and Matveeva (1949) suggest that growth is faster at 
higher densities. Collections were made at three loca­
tions in East Murman (Arctic Ocean) at densities of 5,
5 and 2 /cm , respectively. Age was determined by 
growth rings on the wall and opercular plates ; the 
maximum ages were 7 years at the two higher densities 
and 12 years at the lowest. Whether the larger sizes 
found at higher densities were the result of the dif­
ferences in density or location is difficult to decide. 
Analysis of the proportion of inorganic carbonates to 
organic matter showed a higher proportion of the latter 
at higher densities, but the variation was sometimes 
greater between different locations at the same density. 
This suggests that other factors besides density may 
have differed between the areas.
The effect of differences of shore level on growth 
is discussed by several authors. Moore (1935, 19364) 
collected barnacles in the summer; his measurements were
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separated into the 2-3 month old group and the 14 month 
and older groups. Hatton (1938) and Barnes and powell 
(1953) followed the growth of individuals, mapped on the 
shore or on panels attached to a pier. To compare the 
sizes at different shore levels at the different locations, 
the average sizes at age 2.5 months and at 14 months were 
taken from the growth curves given in the last two papers. 
The level at which the largest average size occurred in 
all these studies is given in table 4.2.
Except at two locations near Plymouth, the largest 
barnacles at 2-3 months after attachment were found at 
the lowest levels. After a year, however, some locations 
showed a reversal of this situation while others did not. 
Moore considered that this apparently slower growth at 
low levels might be due to a harmful factor in the water 
which retarded the growth of older barnacles; this 
would act most strongly at low levels. With greater wave 
action or a higher content of suspended matter in the 
water, he suggested that increased food supply might out­
weigh the harmful effect of immersion. There is no evi­
dence to support this suggestion; it seems unlikely 
that the growth of a marine species would be harmed by 
immersion in the sea. Sokolova (1951) found that Balanus
-58-
b a l a n o i d e s  In R u s s i a  g r e w  f a s t e r  the l o n g e r  t h e y  w e r e  
i m m e r s e d  •
Barnes and powell (1953) suggested that the 
greater sizes which Moore and Hatton found at high levels 
may have resulted from the high level barnacles growing 
faster in the second season because of their smaller 
size at the start of the season. However at the end of 
the second season the largest average size of Barnes and 
Powell’s barnacles was still at the lowest level, despite 
the slightly greater relative growth rate which they 
found at high levels in the second season. Therefore, 
it is unlikely that the larger sizes at higher levels 
found in the other studies could have resulted from such 
growth rates.
C e r t a i n  d a t a  c o l l e c t e d  in the p r e s e n t  s tu dy  s u g ­
g e s t  a n o t h e r  c a u s e  f o r  t h e s e  d i f f e r e n c e s .  If m o r t a l i t y  
o c c u r s  m o r e  h e a v i l y  a m o n g  the l a r g e r  or s m a l l e r  sizes, 
the a v e r a g e  size w i l l  b e c o m e  d i f f e r e n t  f r o m  that of a 
g r o u p  w h e r e  t h e  m o r t a l i t y  is r a n d o m  w i t h  r e g a r d  to size. 
I n  s e c t i o n  V I  of t h i s  s t u d y  it is s h o w n  t ha t  N u c e l l a  
l a p i l l u s  s e l e c t e d  l a r g e r  b a r n a c l e s  a s  p rey. F u r t h e r m o r e ,  
N u c e l l a  is m o r e  a b u n d a n t  at l o w e r  shore l e v e l s .  T h e r e ­
fore, w h e r e  N u c e l l a  is a n  i m p o r t a n t  p r e d a t o r ,  the b a r n ­
a c l e  p o p u l a t i o n ,  a f t e r  a s u f f i c i e n t  i n t e r v a l  of time,
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w i l l  c o n t a i n  a d i s p r o p o r t i o n a t e  n u m b e r  of t h e  s m a l l e r  
i n d i v i d u a l s .  A s  B a r n e s  and  p o w e l l  (1953) h a v e  shown, 
t h e  d i f f e r e n c e s  in a v e r a g e  size b e t w e e n  l e v e l s  a t  14 
m o n t h s  is n o t  g r e at ,  so t h a t  a m o d e r a t e  a m o u n t  of s e l e c t ­
ive p r e d a t i o n  by N u c e l l a  at l o w e r  l e v e l s  m i g h t  b e  enough, 
to r e d u c e  t he  a v e r a g e  size b e l o w  t h a t  of t he  h i g h e s t  
l ev el ,  w h e r e  N u c e l l a  is i n f r e q u e n t .  T h a t  s e l e c t i o n  
a g a i n s t  l a r g e r  s i z e s  d o e s  o c c u r  is s h o w n  in the g r o w t h  
c u r v e s  of H a t t o n  (1938). D e c r e a s e s  in a v e r a g e  size of 
0 . 7  m m  o c c u r r e d  at t h e  l o w e s t  l e v e l s  in the f i r s t  a u t u m n .  
T h e s e  d e c r e a s e s  w e r e  e x p l a i n e d  a s  d u e  to e r o s i o n  b y  
H a t t o n  a n d  F i s c h e r - P i e t t e  (1932), b u t  in h i s  1938 p ap er ,  
( p a g e  268) H a t t o n  s u g g e s t s  t h a t  the i r r e g u l a r  o u t l i n e s  
of t h e  b a r n a c l e s  m a y  h a v e  c a u s e d  t h e  d e c r e a s e s  in m e a n  
size. T h a t  t h i s  a m o u n t  of e r o s i o n  s h o u l d  t a k e  p l a c e  s e e m s  
u n l i k e l y ,  and  e r r o r s  of m e a s u r e m e n t  d u e  to i r r e g u l a r i t y  
w o u l d  b e  l i k e l y  to c o m p e n s a t e  e a c h  o ther, e s p e c i a l l y  
s i n c e  the  same i n d i v i d u a l s  w e r e  m e a s u r e d  e a c h  t im e.  A s  
D e e v e y  (1947) s u g g e s t s ,  t h e r e  w a s  p r o b a b l y  a r e l a t i v e l y  
g r e a t e r  m o r t a l i t y  of t h e  l a r g e r  i n d i v i d u a l s .
In table 4.2 the relative abundance of Nucella 
between stations at various locations is given. Moore 
(1935) observed that Nucella was absent or uncommon where 
heavy sediment or great wave action occurred. From this
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it was deduced therefore, that Decolle Ouest in Hatton’s 
study would have had the least predation by Nucella of 
any of his three areas. The stations where Nucella was 
absent or uncommon were also those where the average 
size of adult barnacles remained greatest at low shore 
levels. At the stations where Nucella was more common, 
the greatest average size was found at high levels. This 
correlation appears to uphold the hypothesis that the 
smaller average size found at low levels was the result 
of greater mortality of larger individuals at this level.
Seasonal variation in growth is very marked, most 
occurring in the late spring with some evidence of 
another growing period in the autumn (Runnstrom, 1925; 
Ohipperfield, 1948). The second year’s spring growth 
brings the barnacle almost to its maximum size, with 
some further slight growth in the following years.
From these growth data, it would be expected that 
crowding would be most intense during the first six 
months of life, followed by a slackening during the first 
winter and a renewal of crowding during the second 
spring and summer. During the first growing season, 
crowding at similar densities would be expected to be 
more intense lower on the shore. The effects of these 
variations in crowding on mortality will be discussed 
in a later portion of this section.
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2. Results of extreme crowding.
Descriptions of the modifications in growth form 
of Balanus balanoides caused by rapid growth of crowded 
populations are given by Trushelm (1932), Hatton (1938), 
Schafer (1948), Barnes and powell (1950), and Sokolova 
(1951). These papers describe how individuals with no 
room to grow except vertically, elongate into local 
"buissons" or hummocks, which are poorly attached to the 
rook, the extreme individuals being trumpet-shaped. 
Sokolova (1951) gives the ratio of length of base to 
length of aperture for populations of Balanus balanoides 
at different densities. In their second summer, popu- 
lations with a density of about 4/cm had individuals 
of a columnar form, while those with densities above 
7/cm were trumpet-shaped.
In the summers of 1953, 1954, and 1955, such 
extreme "hummocking" was observed on the study area, 
usually near the lower limit of Balanus balanoides 
distribution. Even above MTL, instances of individual 
hummocks coming away from the rock were noted in these 
years.
During the growth into hummocks high mortality 
occurs. Barnes and powell (1950), dealing with mix­
tures of Balanus crenatus and Balanus balanoides on 
panels hung from a raft at Millport, counted 36/cm^ of
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new set In April. Eight weeks later hummocks were well
O
developed, and a density of about 5/cm was noted in a 
hummock, though very few large dead individuals were 
present. Thus, about 86^ mortality due to hummock form­
ation occurred in only 8 weeks.
In 1954, deaths caused by hummock formation on 
the intertidal rock were determined, in one area at 
about MTL, counts of newly settled individuals were made 
on six occasions from May 8 - 25th. On October 11th, 
three hummocks were carefully collected from the same 
spot, and the area of attachment which was left bare 
after collection was measured with a centimetre grid. 
This was also done on two other areas where the density 
had been counted June 4th. The percentage death in the 
first three hummocks was 52, 34, and 59* For the other 
two areas it was 34 and 57. The highest individuals 
in the first four hummocks were 1.2 or 1.3 cm., while 
the last, located on a very wave beaten reef, had ex­
treme individuals of 2.1 centimetres height. The high­
est individuals measured in intertidal conditions by 
Barnes and powell were similar to the first measurements,
1.3 cm.
In these intertidal hummocks there were usually 
some shorter individuals attached near the top of the 
elongated individuals. In the hummock with extremely
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long individuals noted before, 32 of the 84 individuals 
were so attached. When this area was first examined in 
June 4th, all the new barnacles were attached to the 
rook surface with a density of 44/cm. ; settlement had 
entirely ceased on the cleared areas on the stones, 
nearby. It appears certain, therefore, that the short 
individuals had been undercut and lifted, becoming at­
tached to the longer ones in the process. This process 
has been witnessed in several individual cases on the 
plotted areas of the stones, particularly on Stone 3 
where the initial density remained high during the 
first period of rapid growth. According to Dr. H. Barnes, 
(personal communication), this undercutting with growth 
is often witnessed in anti-fouling panels, where even 
pencil marks on ground glass adjacent to barnacles were 
lifted on to the side of the barnacle. This conclusion 
is at variance with that of Barnes and powell (195^), 
who believed that the smaller individuals attached to 
the elongated ones on the shore were derived from a 
later settlement.
To test whether such hummock formation, denoting 
extreme crowding, results in greater mortality than 
crowding without hummocks, the following counts were 
made. On panels hung intertidally below Keppel Pier,
Table 4*3 —  The percentage mortality of Balanus bala­
noides during the six months af*ter set­
tlement on a panel suspended at MTL from 
Keppel Pier, Millport, June to October, 
1954. Several small areas which exhibited 
the "hummock" growth form and adjacent 
areas with similar densities where "hum-
mocks" did not form are compared.
portion of panel; Top Middle Bottom
Percentage death 18 37
in a hummock : 43 40 67
40
Percentage death 39 2 33
when no hummock 14
formed
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count s of settlement were made on June 1st. On October 
11th, the panels were brought in and counts were made 
both of hummocks and of ad jacent areas. On these inter­
tidal panels, the distributions in June appeared to be 
quite even; the percentage mortality was calculated from 
the difference between the June and October counts.
Four panels were examined but only the uppermost will 
be mentioned here, since it alone bore a pure population 
of Balanus balanoides. The densities of June 1st at the 
top, middle and bottom of the panel were 19*9, 20.8 and 
20.9/cm.^ respectively. Table 4.3 gives the percentage 
mortality in the two situations.
In general the faster growth leading to hummock 
formation appears to cause greater mortality.
Thus extreme crowding, while resulting in great 
modification of growth form in the survivors, also causes 
crushing and displacement of the others which die in the 
process. In wave beaten situations, the final result 
is total loss of the hummocks as described by the pre­
viously mentioned authors. This also happened in the 
autumn of 1953, Î-954, and 1955 on the present study area, 
as will be described later.
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3# Results of less extreme crowding.
In the instances where hummocks formed, mortality 
continued into the winter when growth had ceased. Where 
crowding occurred due to high density at the upper shore 
levels, hummocks were not usually formed. But some modi­
fications of growth form occurred nevertheless. The 
earlier settled or larger barnacles generally assumed 
the cone shape of an uncrowded barnacle. The medium 
sized individuals, especially those which attached during 
the short period of very intense settlement, often became 
columnar in shape. The smaller or slower growing indi­
viduals were undercut and lifted, or were forced into 
trumpet-like shapes. These later forms were much less 
firmly attached than the normal cone-shaped barnacles.
As a result, the mortality during the winter, when growth 
slowed down,was higher in populations where the density 
at the end of settlement was high. This can be seen in 
Figures 16 and 17, which compare the mortalities of dif­
ferent densities of the 1954 settlement in the caged 
populations. Where the initial densities were low, the 
curves flatten out in winter, indicating a lower relative 
mortality rate; at high densities the mortality rate 
remains high through the winter.
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G. The results of the studies of crowding.
1. Areas above MTL*
To compare the effect of crowding on survival on 
Area 1 and stones 1-8, the average length of life was 
calculated for a span of 180 days, beginning a month 
after settlement had ended. Since the settlement occurred 
about a month later in 1954 than in 1953, the starting 
dates were June 1 in 1953 and July 5, In 1954. Except 
for stones 1 and 2, all the areas were above MTL. The 
results of these calculations are given in Figure 8.
With increasing density, the average length of life 
generally decreased for the span considered.
Certain exceptions to this general trend were 
evident. On Area 1, in 1953, the greater densities at 
the Upper level did not result in a marked shortening 
of the length of life. A comparison of the separate 
levels of Area 1 in 1954 shows that the points of the 
Upper level lie to the left at any particular length 
of life. This pattern seems to indicate that the pop­
ulations at higher shore levels could survive better at 
higher densities than could those at the lower levels.
The studies cited previously have shown that relative 
growth rate decreases with increasing height on the 
shore.
Figure 8. The effect of density at about a 
month after settlement, on survival during the 
next six montho. The periods used were June 1 
to Nov. 28, 1953 and July 5 to Dec. 31, 1954.
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The slower growth acts to alleviate the effect of high 
density on survival at the upper shore levels*
A marked seasonal variation in relative mortality 
rate is evident from the survival curves shown in Figures 
9 and 10* The relative death rate decreases in winter 
as shown by the flattening of the curves.
2* Areas near the lower intertidal distribution of 
Balanus balanoides*
The survival curves for barnacles near the lower 
limit of their intertidal distribution are shown in 
Figure 10. Predation was intense at this level and all 
attempts at elimination by picking off the whelks were 
only partially successful.
In 1953, the initial densities on boulders 1 and
2 2
2 were 20/cm. and 18/cm. respectively. For the first 
month of observation the whelks were picked off boulder 
1. This control was then abandoned but the absence of 
predation had allowed the density to remain high and 
fast growth had resulted in extreme crowding into hum­
mocks, as described earlier. The hummocks began to 
break off in August, and by December, all the barnacles 
had been washed off this boulder. There was little 
hummoeking on boulder 2, probably because the heavy
Figure 10. The survival of Balanus balanoides 
below MTL, Just above the lower limit of its 
intertidal distribution. The St. Malo data 
are from a slightly lower level.
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predation by Nucella had thinned out the population so 
that during their period of fast growth the Individuals 
Impinged on each other less. The photographs of Figure 
11 Illustrate these changes*
In 1954, the only boulder with a high density was 
boulder 5a; the Nucella were kept off this boulder most 
of the summer and hummocks formed as before, resulting 
in elimination of the population by November. On the 
other boulders the initial density was low, no hummocks 
developed and survival was good. With the slowing of 
growth in winter the death rate dropped, rising again 
the next spring when growth began again. As is shown 
in section VI, the degree of predation during the summer 
and autumn of both years was approximately the same on 
boulder 2, so that the reason for the poorer survival 
in the first year was probably related to the Initially 
higher density. The reason for the better survival at 
low levels shown in Hatton’s curves Is not known. If 
the growth rates were slower than at the same level at 
Millport, there should be less crowding at St. Malo at 
the same densities.
To obtain an estimate of the growth on the shore 
at Millport for comparisan with Hatton’s data, photographs 
of the same area at MTL, taken in June and November, 1954,
Figure 11» The complete destruction of the 
1953 year class low on the shore, resulting 
from the development of unstable growth forms 
under conditions of intense crowsing. There 
was less crowding on Boulder 2, but heavy pre­
dation eliminated the survivors. (Scale x l/lO)
August 9, 1953
November 14, 1953
March 26, 1954 
Boulder 1. Boulder 2.
T a b l e  4.4 — Comparison of the growth rate of Balanus 
balanoides at Millport and St. Malo.
ÂIÏ barnacles were growing without con­
tact on intertidal rocks.
Millport, just above and below MTL.
J u n e  11, 1954 N O V .  3, L954
N u m b e r
m e a s u r e d
A v e .  
l e n g t h  
i n  mm.
N u m b e r
m e a s u r e d
A v e .  
l e n g t h  
in mm.
M e a n  s p e c i f i c  
g r o w t h  r a t e  
p e r  d a y
39 1.9 27 4.8 0.59
St. Malo, data from Hatton (1938). Level III, just below 
MTL. About 50 individuals in each measurement.
Location
Date when 
average length 
was 1.9 mm
Greatest 
size rea< 
the firs1
average 
jhed in 
t six mos.
Mean 
specific 
growth rate 
per dayDate Length
Decolle Ouest April 15 Aug. 25 3.4 0.44
Decolle Est May 10 Aug 25 3.0 0.42
Cite April 18 Aug 20 3.5 0.48
Note: The mean specific growth rate is the increase
in length per unit length per day X 100.
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were used. Isolated individuals of the 1954 settlement 
were measured in the two sets of photographs; a scale 
was included in the photographs, to obtain the growth 
rate from Hatton’s data, the sizes late in August, 1930, 
were taken from his curves of level III, MTL. This was 
the date when the maximum size was reached at St. Malo; 
after this the curves decreased, probably because of 
selective predation. All the growth rates were calcu­
lated as beginning at the same average size as that 
found at Millport, 1.9 mm. The time interval from Hat­
ton’s curves was taken between the date when the average 
size was 1.9 mm. and the date of maximum size in late 
August. These readings and the calculated mean specific 
growth rates are given in Table 4.4.
This method, using only the period of apparent 
maximum growth at St. Malo, while taking a longer span 
for the Millport measurements, probably tends to under­
estimate the Millport rates as compared to St. Malo. 
However, the growth rate is still greater at Millport.
At the same density and shore level, crowding would be 
expected to be more intense at Millport.
In the spring of 1953 and 1955, survivors of the 
previous year’s settlements were present on these low
-70-
shore areas. In the spring of 1954, there were no sur­
vivors on the boulders where dense settlement had occurred 
the previous year. The settlements of these three spring 
seasons varied, being high in 1953 and 1955, low in 1954. 
In the discussion of settlement it was suggested that 
this situation might occur if the presence of adults 
stimulated settlement. Since survival seems to vary 
inversely with the density of settlement, good survival 
following a light settlement would stimulate a heavy 
settlement the next year. This would be followed by 
poor survival due to hummock formation. The absence of 
survivors the next spring would thus result in a light 
settlement. This cyclic sequence is over-simplified, 
since intense predation might cause very poor survival 
even in years of light settlement, and other natural 
disturbances could occur.
The settlement density of 1952 is not known but 
some barnacles survived until June 1953* Some members 
of 1954 settlement likewise survived over a year. The 
1953 and 1955 settlements suffered destruction during 
the winter. This suggests an internally regulated cycle, 
similar to that demonstrated in the laboratory with blow­
flies by Nicholson (1954). With a constant supply of 
food the population underwent fluctuations, since at low
-71-
d e n s i t i e s  t h e r e  w a s  p l e n t y  of f o o d  a n d  m a n y  e g g s  w e r e  
laid, w h i l e  at h i g h  d e n s i t i e s  t h e r e  w a s  n o t  e n o u g h  f o o d  
to a l l o w  r e p r o d u c t i o n .  I n  the p r e s e n t  case, w h e n  m o r t ­
a l i t y  f r o m  c r o w d i n g  w a s  low  f o l l o w i n g  a l i g h t  s e t t l e m e n t ,  
the a d u l t s  w h i c h  s u r v i v e d  d u r i n g  t h e  n e x t  s p r i n g  s e a s o n  
a p p a r e n t l y  a t t r a c t e d  a h e a v y  s e t t l e m e n t .  T h e s e  g r e w  
into u n s t a b l e  h u m m o c k s  a n d  w e r e  a l l  los t;  t h e  b a r e  
b o u l d e r s  t h e  n e x t  s p r i n g  r e c e i v e d  o n l y  a l i g h t  s e t t l e ­
m e n t  d u e  to t h e  a b s e n c e  o f  a d u l t s .  A  m u c h  l o n g e r  set 
of o b s e r v a t i o n s  w o u l d  b e  n e e d e d  to s h o w  w h e t h e r  s u c h  a 
c y c l e  w o u l d  c o n t i n u e .  T h e  f a c t o r s  n e c e s s a r y  f o r  it: 
s u f f i c i e n t  l a r v a e  e a c h  year, t h e  g r e g a r i o u s  b e h a v i o u r  
of s e t t l i n g  l a r v a e  a n d  t h e  i n v e r s e  c o r r e l a t i o n  of i n i t i a l  
d e n s i t y  a n d  s u r v i v a l ,  h a v e  a l l  o c c u r r e d  in t h e  t h r e e  
y e a r s  o f  t h i s  study.
3. M o r t a l i t y  d u e  to c r o w d i n g  a f t e r  t he  a g e  of s i x  m o n t h s .
In e x a m i n i n g  the m o r t a l i t y  o f  o l d e r  b a r n a c l e s  f o r  
e v i d e n c e  of c r o w d i n g ,  o n l y  t h o s e  a r e a s  w h i c h  w e r e  p r o ­
t e c t e d  f r o m  p r e d a t i o n  w e r e  u sed; t h i s  l i m i t s  t h e  a n a l y s i s  
to t h e  c a g e d  p o p u l a t i o n s  o n  A r e a  1. F r o m  F i g u r e s  I6-I8 
it c a n  b e  s e e n  t h a t  t h e  r a t e  o f  m o r t a l i t y  of t h e  b a r n a c l e s  
i n s i d e  the  c a g e s  b e c a m e  p r o g r e s s i v e l y  l o w e r  w i t h  i n c r e a s i n g
•72-
age. There was some seasonal variation, mortality usually 
decreasing in winter and increasing in the spring. How­
ever, there was enough variability between areas to con­
clude that the decrease in growth after the age of 18 
months was not followed by a complete cessation of crowding, 
In addition, it is probable that members of a younger 
fast-growing group had some effect on the older individ­
uals with which they mingled. To investigate these 
possibilities, a more detailed study of the mechanisms 
of crowding was made.
D. The causes of mortality due to crowding.
To analyze the causes of death in crowded sit­
uations, photographs taken at intervals of some of the 
counted areas were examined. For the crowding during 
the first growing season, photomicrographs of portions 
of the plotted areas of Stones 7 and 8 were taken at 
about ten day intervals in the late spring of 1955* For 
the older groups, photographs taken on the shore in 
February of 1953, 1954, and 1955 of the Middle Gage 1 
square were used. Stones 7 and 8 and the Middle Gage 
were all within one metre distance at exactly the same 
level on Area 1.
Figure 12 shows the series of photographs of Stones 
7. Certain individual barnacles are marked so that their
Figure 12. photomicrographs taken at intervals 
following settlement of one area on Stone 7 in 
1955* (x5.2) some examples of the effects of 
crowding are shown. The individuals are marked 
as follows;
A, Barnacles being crushed laterally.
B. Barnacles being undercut and dis­
placed •
0* Barnacles whose shells have been 
broken, probably by water-borne objects.
o
f— I 
Q)
(-3
o
I—I 
0)
O
cd
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fate can be followed as crowding increased*
The three causes of death illustrated by these 
photographs are as follows:
A'. Individuals being laterally compressed by 
pressure from their neighbors.
B# Individuals being undercut and tilted 
from the rock by their neighbors.
G* Individuals whose shells, (usually the 
opercular valves in these cases) have 
been damaged. These were probably acci­
dents, not caused by crowding.
The unmarked empty barnacles died from unknown 
causes, and account for the majority of the deaths, on 
Stone 7, of the 24 deaths in the 52 day period, the dis­
tribution was: A “6, B-4, C-2, and unknov/n-12. Thus on
this small area about 40^ of the deaths can be assigned
to crowding and the rest to accidents and unknown causes, 
in which crowding may have played some part.
The age groups studied in the Middle Gage 1 were 
the 1952 age group during its second growing season in 
1953 and the older groups in their third or later sea­
sons. A series of photographs of this area is shonn in
Figure 19» For the 1952 group the position of each
individual was noted in relation to its neighbors, old
-74-
and young, and its fate noted a year later. Of the 62 
individuals in the 1952 group, 48 died in this second 
growing season; from the analysis of the photographs,
31 of these deaths were tentatively ascribed to crowding. 
Small barnacles were sometimes overhung by others of the 
same age which had attached to the sides of large older 
individuals. These upper epizooic barnacles seemed to 
grow more quickly and may have prevented some of the 
food from reaching the ones below them, or by their 
growth they may have crushed the lower ones. Certain 
of the small barnacles which died were located between 
medium-sized older barnacles which had grown in the in­
terval between photographs and may have crushed the 
smaller ones. Of the seventeen other deaths, nine were 
of individuals attached to dead adult shells which fell 
off, carrying the living younger ones with them. In the 
survival curves of Figures 16-18, the younger barnacles 
attached to other adult barnacles were not included, so 
that this cause of death is excluded.
In this same analysis some reasons for the deaths 
of the older barnacles can be deduced. Of the twenty- 
one barnacles of the pre-1952 group which died in the 
Middle Gage 1 during the first two years study, four were 
smothered by younger barnacles which attached near their
-75-
operoular openings and grew partly over them.
Five were of small size and were probably crushed 
by the surrounding individuals which all grew slightly; 
two were partly attached to a larger dead adult which 
fell off, carrying the others with it; ten died without 
apparently being crowded or smothered. Some of these 
last ten were very large and may have died of old age, 
probably a rare occurrence in natural populations in 
general. However, in the level near the top of the dis- 
tributlbn of Balanus balanoides, where predation is 
probably almost totally absent, very large weathered 
empty shells were fairly common. In this situation, 
deaths from old age may be a regular occurrence; the 
protection given by the cages on area 1 seems to have 
duplicated this situation at a lower level.
As was expected from the variations in growth, 
crowding is intense in the firwt and to a lesser degree 
in the second spring growing seasons, and its effect 
on growth form may cause delayed mortality during the 
first winter. After the age of 18 months, in the absence 
of predation, about half the deaths may be caused by 
crowding, either by further growth of the same age group, 
or smothering by younger ones; the remainder die from 
unknown causes, some perhaps from old age.
-76-
V. Mortality at high shore levels.
1. The upper limit of Balanus halaneidea distribution.
Near H7/N the upper limit of distribution of 
Balanus merged into the bottom of the narrow Chthamalus 
stellatus zone. Little crowding ocoured here since 
density was low and growth slow. Three squares were 
mapped above MHWN on the rock face above Area 1. A 
cage and netting "cover" were attached at first, but 
since no Nucella were ever observed at this level and 
since the survival was the same after a year on all 
squares, the cage and cover were removed. The results 
of these counts are given in Figure 13, all three 
squares being combined. This will be referred to as 
Area 2.
In the first mapping in December, 1952, the 
1952 year class was distinguished from the previous 
settlements by its smaller size and the smoother appear­
ance of the shell surface. As explained earlier this 
method is probably valid for distinguishing the youngest 
age class from older classes. Because of the slow 
growth at this level the average size difference between 
the first and second year individuals was less than 
that of the populations low on the shore. For the small
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group of individuals where uncertainty existed, the 
numbers were divided equally between the 1952 and the 
older group.
Stones 5 and 6 were attached at the same level 
about thirty feet away, one under an overhang, the other 
facing up. Since the settlement and mortality were very 
similar on both stones the results have been combined.
The data from Area 2 and from the equivalent level 
at St. Malo from Hatton’s (1938) study are shown in Fig­
ure 13* At both places the greatest mortality occurred 
in the first six months after attachment* The survival 
was good after this except for the spring of 1955 at 
Millport; this heavy mortality will be discussed later.
The curves in Figure 13 are arranged so that the 
survival of the different year classes can be compared 
at the same age. Only the 1952 year qlass survived 
well after the first year of life, and except for a 
short time after each settlement season, outnumbered 
the other year classes for the whole study period* Vari­
ations either in initial settlement or in mortality 
after settlement could accout for this* In Table 5#d 
the densities at settlement and in the first autumn after 
settlement are analyzed for variability between years 
on all the areas studied.
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At the extreme high and low levels the variability 
between years was greater at the age of six months than 
at settlement. At mid-tide levels the variability at 
settlement was similar to that at the other levels but 
the densities after six months were much less variable 
between years. Thus the phenomenon of a "dominant year 
class" seems to occur only at the extremes of the inter­
tidal distribution and seems to be caused by variations 
in mortality rather than in density of settlement. On 
Area 2 the almost complete destruction of the 1953 class 
soon after settlement eliminated that group; for the 
1954 class the early mortality was lower but the mortality 
at eleven months of age greatly reduced the density.
The 1952 group probably had an unusually favorable period 
in early life and was able to better withstand the heavy 
mortality in 1955, apparently by virtue of its greater 
age.
Annual variation in the numbers of marine animals 
has often been observed. The importance of dominant year 
classes in commercial fish was recognized by Johan HJort 
in 1914. In his review of I926 he ascribes the causes 
either to failure of the larvae to find food immediately 
after hatching or to the drifting of the larvae away 
from the proper nursery areas. Sette (1943) made an ex-
-Y9-
t r e m e l y  c a r e f u l  s tudy of the e a r l y  m o r t a l i t y  of m a c k e r e l  
off the e a s t  c o a s t  of A m e r i c a »  H e  c o n c l u d e d  t h a t  d r i f t  
o f  o l d e r  l a r v a e  a w a y  f r o m  p r o p e r  g r o u n d s  w a s  t he  r e a s o n  
f o r  t h e  f a i l u r e  o f  t h e  y e a r  c l a s s  w h i c h  he s t u d i e d *  
W a l f o r d  (I938), C a r r u t h e r s  et al (1937, 1938,
1951), a n d  C h a s e  (1953) a l l  c a m e  to the same c o n c l u s i o n  
f o r  h a d d o c k  p o p u l a t i o n s .  P a r r i s h  (1949) c o n c l u d e d  t ha t  
n e i t h e r  the  n u m b e r s  of e g g s  s p a w n e d  n o r  the m o r t a l i t y  
a f t e r  t he  h a d d o c k s  b e c a m e  b o t t o m  d w e l l e r s  c o u l d  a c c o u n t  
f o r  t h e  f a i l u r e  of c e r t a i n  y e a r  c l a ss e s;  the p e l a g i c  
p h a s e  w a s  the c r i t i c a l  one. I n  t h e  B a l a n u s  p o p u l a t i o n s  
s t u d i e d  it a p p e a r s  t h a t  t h e r e  w e r e  a l w a y s  e n o u g h  l a r v a e  
to p o p u l a t e  t h e  s h o r e  b u t  that h i g h  m o r t a l i t i e s  up to 
a y e a r  a f t e r  s e t t l e m e n t  c o u l d  a c c o u n t  f o r  t h e  f a i l u r e  
of a y e a r  c l a s s .  T h e  a b s e n c e  of d o m i n a n t  y e a r  c l a s s e s  
at m i d  s h o r e  l e v e l s  is d u e  to the o c c u r r e n c e  of l o w e r  
m o r t a l i t y .  T h e  p l a n k t o n i c  p h a s e  in t h e  l i f e  of a b a r n a c l e  
s e e m s  to b e  l e s s  c r i t i c a l  t h a n  t h a t  of f i s h e s .  T h o r s o n  
(1950) m a i n t a i n s  t h a t  t h e  m o r t a l i t y  in t h e  p e l a g i c  
l a r v a e  d e t e r m i n e s  the n u m b e r s  of b o t t o m  i n v e r t e b r a t e s  
in D e n m a r k  b u t  g i v e s  n o  e v i d e n c e  o f  v a r i a t i o n  in s e t t l e ­
m e n t  a n d  l a t e r  m o r t a l i t y  so t h a t  t h i s  h y p o t h e s i s  r e m a i n s  
u n p r o v e d .
Number present, Feb.: Balanus 
(on 75 cm.^) Obthamalus
% Mortality by May: Balanus
Cbthamalus
1955 on Area 2, HWN #
Age group
' than
1952 1952 1953 1954
5 70 8 95
173 42 143 159
40 53 37 92
0 0 5 62
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2, An unusual occurence of high mortality in the upper 
shore levels.
In April and May, 1955, a high mortality occurred 
at and above the upper level of Area 1, as shown in 
Figures. 13 and 16. This mortality might have been ex­
pected among the barnacles which were still growing and 
crowding each other but its occurrence among older barn­
acles inside the cages at the upper level and on Area 2 
was very unusual. This high mortality rate did not con­
tinue during the following examination period in late 
May and June*
predation was not involved since the caged popu­
lations also suffered this mortality; no instances were 
observed of older barnacles being smothered by younger 
ones. The mortality of the Qhthamalua on Area 2 is com­
pared to that of Balanus in Table 5•2, All ages of 
Balanus suffered heavy mortality, while only the young­
est Chthamalus died. A similar but lesser mortality 
occurred at the Middle level but almost none at the 
Lower level of Area 1. possibly the heavy mortality 
was related to some deleterious effect of exposure to 
air.
A tide gauge had been operating for a year pre­
viously at Keppel Pier, l/2 mile north of the study area.
Table 5*3 Dates from April, 1954 to May, 1955, when 
the High Water did not rise above 8.5 feet,
O.D., the height of the Upper level, Area 1.
Number of successive 
high tides 8.5* or less
One
Three
Four
Six
Dates of occurrence.
1954: Apr. 12, 26, 27, 28
July 12 
Sept. 22 
Nov. 6
1955: Jan. 23
Mar. 5, 6 
May 17
1954: Oct. 5-6
1955: Jan. 3-4,
Feb. 16-17
1955: March 17-18
1955: April 15-18
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With the aid of the tidal records, an analysis of the 
degree of air exposure of the Upper level on Area 1 was 
mad e * *
Measurements on Area 1 indicated that the height 
of the upper level was 8.6 feet above Ordinance Datum, 
and that the vertical amplitude of the waves was 2*5 
times that recorded by the tide gauge. The ability of 
the gauge to record waves was very important, since it 
was necessary to determine how long the level concerned 
remained dry. The gauge recorded the waves caused by 
the frequent steamer passages which would wet levels 
above high tide even on very calm days. Each such pas­
sage resulted in a series of waves lasting about one to 
two minutes.
The records from March 1954 to May 1955 were 
examined and all high tides which did not reach 8.6 feet 
were noted. These occurrences are given in Table 5*3* 
The only very long period of exposure during this time 
occurred in April, 1955, during the period of high mort­
ality. The weather at the time was warm and calm, where­
as during the long period of exposure in March it was 
cooler and rainy.
^ I wish to thank Mr. H* T . powell, who pro­
vided the tide gauge records and the corrections to 
absolute height.
Table 5.4 — Maximum tide and wave heights reached in the
period from April 15 to 19, 1955 (Feet above 0#D.)
Average
Height
Ht. reached
by
Waves Caused 
By
Date Time Of Tide Wind Waves passing Steamer 
Number Height
Apr. 15 1740 8.6 8.8 1 9.1
M 1 6 0540 8.5 8.6 1 9.4
M 1 6 1835 7.9 8.1 2 8.9
M 17 0725 8.0 8.2 0 0.0n 17 1957 7.9 8.2 1 8.7
t i 18 0840 8.4 8.4 3 9.1
It 18 2110 8.5 8.5 1 8.7
f t 19 0934 9.3 9.5 1 10.4
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The period in April was investigated in detail, 
and the results are given in Table 5*4* The heights of 
the waves from the tide gauge records have been multi­
plied by 2.5* From April 16 at 0540 to April 18 at 2110 
the level was untouched by any wind-driven continuous 
waves. In this time waves caused by steamers passing 
close to the shore wet the level six times, occurring 
in three of the four high tides.
This exposure of 60 hours with ju^t six short 
wettings appears to have been fatal to many of the barn­
acles, previous exposures of shorter duration did not 
cause such high mortality. It would probably be safe 
to say that no such long exposure had occurred in the 
past 2^ years, since no similar mortality had occurred 
on Area 2 or the Upper level of Area 1. In this locality 
the combination of calm warm weather and the very small 
amplitude of neap tides is evidently fairly rare.
At the high level of Area 2, the effects of these 
rare periods are probably the main cause of death for 
those individuals which survive the period immediately 
after settlement. The survival curves in Figure 13^ 
indicate that very little mortality normally occurs after 
the first year of life so that accidents must be very 
rare; death from old age may occur in a few cases.
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Since the unusual mortality of 1955 occurred 
within and just below the zone of Chthamalus, it may have 
provided space for a downward extension of Chthamalus 
in its autumn settlement. The settlement of Balanus in 
late April filled the existing spaces but the delayed 
detachment of dead individuals during the summer would 
probably provide more bare areas than in years when no 
such mortality occurred.
—84“
VI - Interrelations of the barnacles and the whelk predators.
This section is divided into two principal parts.
The first is a description of certain studies of the 
feeding behaviour of Nucella lapillus. The second part 
is an analysis of the interaction between Nucella and 
the barnacle populations,
A. Feeding behaviour of Nucella,
1. Variations in feeding activity with tidal 
level and season.
a. Methods.
For indicating the positions of individual whelks, 
maps were made of Area 1 and Boulders 1, 2 and 6, showing 
the limpet positions and the cracks and Irregularities 
of the rock surface. These maps were duplicated together 
on a single sheet and at each visit to the shore a new 
sheet was used to mark the whelk positions, using the 
limpets and mapped rock-irregularities as reference points.
For each month* s records a calculation was made 
of the average number of whelks present per observation 
and was corrected to a square metre area so that com­
parisons between the boulders could be made.
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B e s i d e s  b e i n g  at a d i f f e r e n t  t i d a l  level, t h e  
b o u l d e r s  h a d  a v e r y  d i f f e r e n t  b a r n a c l e  p o p u l a t i o n  f r o m  
A r e a  1* A r e a  1 a l w a y s  h ad  som e  b a r n a c l e s  a s  f o o d  f o r  
the  w h e l k s ,  b u t  the  b o u l d e r s  w e r e  b a r e  f o r  t h e  w i n t e r  
a n d  s p r i n g  of 1 9 5 4  ( F i g u r e  10). F o r  t h i s  r e a s o n  t h e r e ­
f or e,  it w a s  f e l t  t hat in c o m p a r i n g  a c t i v i t y  at d i f f e r e n t  
t i d a l  h e i g h t s ,  it w a s  b e t t e r  to u s e  l e v e l s  w i t h i n  A r e a  1; 
t h i s  w o u l d  a l s o  i n s u r e  t h a t  w a v e  e x p o s u r e  w a s  s i m i l a r  
b e t w e e n  the a r e a s  c o m p a r e d .  A r e a  1 w a s  a n a l y z e d ,  t h e  
w h e l k s  w h i c h  o c c u r r e d  a t  t h e  v a r i o u s  l e v e l s  b e i n g  c o u n t e d  
s e p a r a t e l y .  T h e  t h r e e  l e v e l s  o n  -^rea 1, e a c h  20 c e n t i ­
m e t r e s  h i g h  a s  d e s c r i b e d  p r e v i o u s l y ,  w e r e  c o u n t e d ,  a n d  
in a d d i t i o n  a 20 c e n t i m e t r e  h i g h  s t r i p  a b o v e  t h e s e .  T o  
c o m p a r e  the s e a w a r d  a n d  l a n d w a r d  s i d e s  a t  the s am e  lev el ,  
e a c h  h o r i z o n t a l  s t r i p  w a s  d i v i d e d  into a n o r t h  a n d  s o u t h  
side and  c o u n t e d  s e p a r a t e l y .
b. V a r i a t i o n  of f e e d i n g  a c t i v i t y  w i t h  l e v e l .
T h e  b a s i c  a s s u m p t i o n  u n d e r l y i n g  the m e t h o d  u s e d  
w a s  t h a t  w h e l k s  w h i c h  w e r e  p r e s e n t  o n  t h e  o p e n  b a r n a c l e -  
c o v e r e d  r o o k  w e r e  a c t i v e l y  f e e d i n g .  B y  s l o w l y  t i l t i n g  
a w h e l k  a w a y  f r o m  the s u r f a c e  it c o u l d  o f t e n  b e  o b s e r v e d  
f e e d i n g  o n  a b a r n a c l e ,  t h e  o p e r c u l a r  v a l v e s  of w h i c h  w e r e  
g a p i n g  w i t h  t h e  c i r r i  p a r t l y  e x p o s e d ,  s o m e t i m e s ,  e s p e c ­
i a l l y  w i t h  s m a l l  b a r n a c l e s ,  t h e  w h o l e  o p e r c u l u m  c a m e  a w a y
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on the whelk*s foot. Of more than four hundred whelks 
examined in May, 1955, two-thirds were observed feeding; 
others were clinging to barnacles but not feeding. At 
all times of the year some whelks could be seen in cre­
vices and among dense weed where there was little exposure 
to wave action, and may have been "resting". The non­
feeding whelks on the open rock were probably searching 
for prey when exposed by the falling tide; some obser­
vations on this behaviour will be discussed later. How­
ever, the numbers observed are probably valid in com­
parisons of activity at different levels and in different 
seasons, even if some of the whelks were not actually 
feeding.
Above the "High" level, only 22 whelks were seen 
in 140 days observations in 19 months; ten of these were 
in December, 1954, seven in May, 1955*
A comparison between the different levels on Area 1 
is made in Table 6.1. This vertical face of rock was 
oriented at about right angles to the shore. There was 
a decrease in density of Nucella with an increase in 
height on the seaward side, but this decrease occurred 
only at the high level on the landward side. There was 
also a decrease in density toward the landward side at
m
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each of the two lower levels. While the decrease in 
numbers with height on the shore might be attributed to 
an avoidance by Nucella of long periods of exposure to 
air, the reasons for the horizontal differences are not 
known.
In Table 6.2, the densities of Nucella at the 
lowest level of Area 1 and on Boulders 1, 2 and 6 are 
compared. The number of observations in each month 
varied considerably so that to obtain an average density 
which would represent the whole period and be more com­
parable between levels, the monthly means, given in 
Figure 14, were averaged. Extreme variability is the 
most obvious characteristic of the data from the boulders. 
This variation was so high that even the large differences 
in, the averages between the boulders and Area 1 might 
well have occurred by chance. It is evident from Fig­
ure 14, however, that at times the predation was much 
more intense on the low shore levels.
Few other records of counts of Nucella have been 
found. Moore, (1938b) in one observation in Skye in 
June, 1936, noted 200/m^ just below ,H ,W ,N . and 175/m^ 
at MTL, the numbers decreasing above and below this to
p
about lO/m • He states that Nucella "usually becomes 
less abundant some way below the top of the barnacle zone".
Figure 14. The average densities of Nucella 
lapillus for each month in which observations 
were made. The Area 1 data include all the 
levels within the area.
AREA
I
BOULDER I
BOULDER 2
BOULDER 6
«0 200
Observations 
per month 
Area I 
Boulders :
A S O N D 
1953
J F M A M J J A S O N D
1954
J F M A M J 
1955
6 O O 2 II II 13 5 14 II 4 8 4 3 O 6 4 O I 2 12 8 21 8
6 0 0 3 7  2 I I 6 I 2  9 3 4  2 3 0 7 3 0  I 2 8 3  17 9
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Southward (1953) at two localities on the Isle of Man, 
gives counts which, when averaged, yield densities of 
1.0 and 0.5 per m^, with maxima of 31.0 and 12.0/m^; 
all these Nucella were feeding on Balanus between the 
neap tide levels. The present records are somewhat 
higher than those of Skye. Very small whelks (less than 
0.5 cm. in height) were found only below MTL, as noted 
by Moore (1958b).
c. S e a s o n a l  v a r i a t i o n s  in a c t i v i t y .
F i g u r e  14 g i v e s  a s u m m a r y  o f  the m o n t h l y  a v e r a g e s  
of d e n s i t y  o f  w h e l k s  o n  t h e  b o u l d e r s  a n d  on A r e a  1 as  
a w h o l e ,  f r o m  J u l y  1953 to J u n e  1955*
In both winters, a sudden drop in numbers began 
in January and continued through March on Area 1. No 
prey were available on Boulders 1, 2 and 6 in these 
months, 1954, but even in 1955 when barnacles were 
available there, the numbers were low. The density 
began to increase again in April, except on the boulders 
in 1954 when the new barnacle set did not arrive until 
May and feeding then began in July; some Nucella were 
present there in June, but were feeding on patches of 
Mytilus edulis.
A ’ similar analysis of the four levels of Area 1, 
with seaward and landward sides of each level taken
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together, is shown in Figure 15* After the low activity 
at the beginning of 1954, the density at the two lower 
levels increased to a peak in May and June. A decrease 
then occurred in the low level in the summer, while an 
increase occurred at the upper two levels. The records 
for the previous July showed a similar distribution.
Few observations were made in late summer, but in Dec­
ember, 1953 and the late autumn of 1954, high densities 
occurred. More whelks were feeding at higher levels 
in the autumn of 1953 than in 1954. Some Nucella were 
noted feeding at low levels in the winter of 1955, but 
all these individuals were small individuals with thin 
shells. Moore (1938b) has shown that this type of 
shell indicates immaturity. In Moore (1938a) there is a 
diagram of seasonal changes in tissue weight of mature 
Nucella at Plymouth. The weight dropped during October, 
remained steady until January and then showed a large 
decline in February and March, beginning to increase 
again in April. He notes that immature whelks show no 
such winter drop in weight, and so ascribes the decrease 
in the weight of older individuals either to loss of 
reproductive products or cessation of feeding by the 
mature whelks during the main spawning period, January 
to April. From the present observations, the latter
Figure 15* The average densities in each 
month of Nucella lapillus on Area 1, each 
level given separately.
HIGH
UPPER
MIDDLE
LOWER
J A S O N D
1953
Observations
per month : 6 O O 2 II II
J F M A M J J A S O N D
1954
J F M A M J 
1955
13 S 14 II 4 8 4 3 O 6 4 O I 2 12 8 21 8
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seems more likely, since the few whelh.8 seen feeding 
in the winter were Immature individuals.
Various authors have noted the fact that whelks 
often retreat into crevices. Fischer-piette (1935) 
regards this behaviour as being either an effect of ex­
treme cold or a means of avoiding desiccation. Moore 
(1936b) considered that gales may limit feeding during 
the winter period when the tissue weight of mature whelks 
dropped but rejected this hypothesis since immature 
whelks showed no weight decrease at this time. It was 
noted on the present area that the whelks were in cre­
vices not only after gales but also during a calm cold
spell in January, 1955* Gales frequently occur at other
times of the year, so that the pronounced low activity
in late winter may more probably be ascribed to pre­
vailing lower sea and air temperatures.
d . proportion of population feeding•
Even during times of intense activity some whelks 
found
were/among dense weed or in crevices. To discover what 
proportion of the population was feeding at any one time, 
some data collected from individually marked whelks in 
July, 1953, were analyzed. The marking was done with 
Indian ink, the numbers being protected by a transparent 
film of Distrene dissolved in xylol as described by
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Quayle (1952). (One whelk was recovered 22 months after 
marking with the number still intact)•
During two low tide periods ninety whelks were 
marked. During the next twelve days their presence among 
barnacles on the open rock was noted at seventeen low 
tides. Any not visible on the open rock but noted at 
a subsequent observation were assumed to be "resting" 
at the time. A reasonable number of later observations 
was needed to make sure that missing individuals in the 
early records were simply "resting" and had not died or 
moved to another area; for this reason only the first 
eight of the seventeen observations were used to compute 
the percentage of marked whelks which were feeding at 
each observation. Any of the originally marked individuals 
which did not reappear in a later observation were not 
used in the calculation. The results are given in Table
6.3. The overall figure of 50^ is probably too low, 
since the assumption that missing whelks were necessarily 
not feeding is probably not completely true. Another 
calculation from observations during nine successive low 
tides on an adjacent area gave the value of 66^ feeding 
per observation. These few observations suggest that 
even during the warm part of the year only from one-half 
to two-thirds of the population was feeding at one time*
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Individual whelks showed a great variation in the 
lengths of their feeding periods. In the observations 
during nine successive low tides, two individuals were 
noted at every tide, and two more for seven and eight 
successive tides each. For the thirty-one individuals 
noted, the average number of successive low tides that 
a whelk remained feeding was 3* On the average, there­
fore, in the summer a whelk fed for about three successive 
tides and then "rested" for about two tides before be­
ginning to feed again.
2. The feeding rate of Nucella. 
a. Methods.
TWO methods were used to determine the rate of 
feeding by Nucella. The first consisted of calculating 
the difference in mortality between caged and unpro­
tected barnacle populations on Area 1; this difference 
was taken to be the number eaten by Nucella. Knowing 
the average number of whelks present, from the previously 
described census method, the numbers of barnacles pre­
sumably eaten per day by one whelk could be calculated. 
This method will be referred to as the "exclusion method."
The second method was to place a whelk inside a 
cage and count the barnacles at intervals. An adjacent
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empty cage gave the deaths from other causes. This will 
be termed the "enclosure" method.
Since the object was partly to determine the 
causes of any variations in feeding rate, the seasons 
were considered separately. The exact intervals are 
given in Tables 6.4 and 6.5; these were selected to 
represent periods of greater and lesser activity of Nu­
cella. based on the variations shown in Figure 15.
The exclusion method was carried out as follows 
at each level of Area 1. The percentage of deaths over 
the interval was calculated for each age group separate­
ly on the protected area. This percentage was then 
multiplied by the number in the particular age group in 
the unprotected population to give the number of deaths 
from causes other than predation. The difference be­
tween this number and the total death in the unprotected 
population was assumed to be caused by predation. The 
number killed per unit area per day was then caioulated, 
and divided by the average number of whelks noted per 
unit area per observation. The density of whelks used 
was that calculated for the l/lO square metre which con­
tained the barnacle area being considered and comprised 
one side of the particular 20 cm. high horizontal strip 
described in the previous section.
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Enclosure of a whelk in a cage was carried out 
in four separate experiments.
Experiment 1#— July 22nd to August 8th, 1953, 
at MTL. The barnacles were very dense so all dead indi­
viduals were removed and at the next inspection only dead 
barnacles were counted. After the second weekly inspec­
tion it was decided to abandon this experiment since 
many deaths were occuring in the control cage, probably 
as a result of extreme crowding.
Experiment 2.— September 10th to December 11th, 
1953, below MTL. Here the barnacles were scattered and 
complete counts were made at each examination. Two 
cages were used, one with a single large Nucella in it, 
until October 21st; after this two more cages were 
attached with a Nucella in each. In December many very 
small Nucella began entering the cages so the experiment 
wa 8 end ed.
Experiment 3*— November 11th, 1953 to August 
8th, 1954. Four cages were attached at the Middle level 
of Area 1, about one foot north of Cage 1* Two had one 
whelk each, two were kept as controls. These were ■ 
mesh cages, but the absence of small whelks above MTL 
rendered this large mesh satisfactory.
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Experlment 4.— October 22nd, 1954 to May 31st, 
1955• Five cages were attached to a slightly sloping 
rook face five yards east of Area 1 at the height of the 
"Lower" level of Area 1. Two whelks were placed in each 
of three cages, four in another cage and one cage was 
kept as a control. One of the "two-whelk" cages con­
tained only 6 months-old barnacles as prey while the 
other four cages contained three year-groups. In the 
last two months of this experiment the mortality in the 
control cage began to increase. This was probably due 
to the increase in crowding as the barnacles began their 
spring growth. However, the barnacles in other cages, 
having been "thinned out" by predation, experienced little 
crowding. Thus there was no adequate measure of the 
mortality from causes other than predation taking place 
in the cages with whelks in them for the spring period, 
b • Results.
The feeding rates calculated from the exclusion 
method are given in Table 6.4. Some of the values have 
been placed in brackets since they seemed excessively 
high. These high values may have resulted from damage 
from water-borne objects. The two "cover" squares were 
protected from such damage and their rates are about 25^
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below the average for the same level. However the high 
mortality on the Upper cover square in the autumn of 1954 
cannot be explained by damage. The most likely explanation 
is that more predation was occurring than the observations 
indicated. Whelks often feed in groups, and if such an 
aggregation was missed in the whelk counts, the numbers 
of predators would have been underestimated. An analysis 
of variance of these data, given in Table 6.6, showed that 
the seasonal variation in rate of feeding is less than 
that observed between the observations in any one season 
although the latter difference was small and was judged 
to be not significant.
The results of the experiments with whelks en­
closed in cages are given in Table 6.5» These yielded 
much less variable results, probably because the number 
of predators was known exactly, and damage was prevented.
In contrast to the previous method, the rates of feeding
of Exp.4-y
were much lower in the winter. For each cage^the average 
area covered by individual barnacles in each year class 
was measured from photographs with a planimeter. This 
was done since it appeared that the older barnacles 
were larger in two of the cages than in the others. The 
feeding rates were re-calculated as area of barnacles
Table 6*6 - T h e  f e e d i n g  r a t e  of N u c e l l a  l a p l l l u s * 
c. A n a l y s e s  of V a r i a n c e  of the o r i g i n a l  
d a t a  u s e d  to c o m p u t e  t h e  v a l u e s  in 
■^ables 6 * 7  a n d  6.8.
(1.) Exclusion experiments, Table 6*7.
S o u r c e  o f  
v a r i a t i o n
S u m  of 
s q u a r e s d . f .
V a r i a n c e
e s t i m a t e F P
B e t w e e n  s ea sons: 
W i t h i n  s e a s o n s  : 
T o t a l  :
1.6
70.5
72.1
3
26
29
0.53
2.71
5.11 >.05
(2) Enclosure experiment 4, Table 6.8, numbers of barnacles, 
a. Cages 1, 2, and 5. Three age groups of barnacles.
B e t w e e n  sea son s: 144.5 1 144.5
6.23 .05
W i t h i n  s e a s o n s  : 417.5 18 23.2 >.01
T o t a l  : 562.0 19
b. Cage 4, young barnacles only.
g e t w e e n  seaso n s; 129.2 1 129.2
8.91 <.05
W i t h i n  s e a s o n s  : 72.5 5 14.5 >.01
T o t a l  : 201.7 6
(3*) Enclosure experiment 4. Areas of barnacles, all cages
B e t w e e n  s e a s o n s  : 664 1 664.0
9.85 <.01
W i t h i n  s e a s o n s  ; 1685 25 67.4
T o t a l  : 2349 26
Note: The probability "p" was obtained from the
variance ratio "F" distribution tables. Values 
of p less than .03 were Judged to be significant.
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eaten. Analyses of variance of these data, given in 
Table 6.6, showed a significant seasonal variation as 
compared to the variation between the observations in 
each season.
The different values obtained by the two methods 
require some explanation. The rates obtained for whelks 
enclosed in cages were much lower, even as compared to 
the cover squares of Area 1 where little damage occurred. 
In the marking experiments it was shown that whelks only 
feed about half to two-thirds of the time in summer, in 
calculating the feeding rates of the enclosed whelks the 
total time between observations was used; this included 
periods when the whelk was not feeding. On the other 
hand, in the exclusion method only whelks active on the 
rock among barnacles were used for the calculation and 
so the periods of non-feeding were not included, if the 
whelks in the cages fed only about half the time, the 
resulting rate would be about half that calculated by 
the exclusion method. This was about the difference 
observed between the rates calculated from the exclusion 
method and from Experiments 3 and 4 in the enclosure 
method. (Experiments 1 and 2 were performed Ipwer on 
the shore with only young barnacles present, so are not 
strictly comparable with the results of the exclusion 
method. )
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Besides the differences in magnitude of the rates 
calculated by the two methods, a difference in seasonal 
variation was found. The enclosed whelks had low feeding 
rates in winter, but the exclusion method yielded rates 
as high in winter as in other seasons. One explanation 
might be that the high rates shown by the exclusion 
method in winter were due to higher death rates of the 
barnacles caused by increased damage in winter. If 
this is so, areas protected from damage should have 
shown a decrease in death rate of about the same magni­
tude as that found in the enclosure experiments. But 
the protected Upper cover square, showed only a slightly 
lower rate in winter while there was apparently no pre­
dation on the Middle cover in autumn or winter. There­
fore it does not seem likely that extra damage in winter 
would raise the death rate of the barnacles to the extent 
of masking a drop in the feeding rate of Nucella.
The exclusion method might have given higher 
feeding rates in the winter for another reason. It has 
been poihted out that most of the whelks feeding in 
winter were immature. If these feed somewhat faster 
than the older ones, the average winter rate would be 
apparently higher simply because the older whelks were
-99-
no t included* The only evidence available on this point 
is given in Table 6*5, experiment 2. The largest whelk 
did eat less than the other two, although the second 
largest ate most. It does not seem likely that this 
would account for the observed difference between the 
results of the two methods, however*
The fact that fewer numbers of whelks were seen 
on the open rock in winter (Figures 14 and 15) probably 
indicates that they spend much more of their time resting 
between feeding excursions* Thus, the slowing of feeding 
rate in winter shown by the enclosure experiments can 
be explained by the fact that the whelks rested propor­
tionately longer in winter♦ The exclusion experiments 
showed that when the whelks were actually feeding they 
accounted for almost the same number of barnacles per 
day in the winter as in the summer.
B . Observations of the barnacle population under 
varying degrees of predation.
1. Experimental Area 1.
a. Effectiveness of the exclusion cages. 
Occasionally small Nucella, ^ to 1 cm. in length, 
entered the cages through gaps at the line of Juncture 
of netting and rock surface. These gaps were probably 
caused by distortion of the cage in strong wave action
“100—
or from crumbling of the rock. Since inspections were 
frequent and the likelihood small of a whelk escaping 
back through the gap, it is believed that all these 
entries were noted. To indicate the extent of these 
lapses in predator control, each occurrence was multi­
plied by half the time since the last inspection. Sum­
ming these times for all occurrences and dividing by 
the total time of attachment of the cages yields the 
value of 1.3^  as the proportion of time of small whelk 
predation inside the cages. Since the cages gave com­
plete protection against medium and large sized Nucella, 
the method can probably be judged effective. With in­
frequent inspections, modifications would be necessary.
Very small Nucella, able to pass directly through 
the 1/8" mesh, were not recorded on Area 1, although 
their abundance low on the shore rendered ineffective 
there all attempts at control by cages.
Only one instance of human interference occurred, 
in July, 1954, when the Upper Gage 1 was removed in the 
author’s absence. A new cage was attached after twelve 
days of predation; the effect can be seen in Figure 16.
Besides excluding the whelks the cages gave pro­
tection from damage by water-borne objects. This pro­
tection completely altered the appearance of the barnacle
-101
population. In the two cages which were in place for 
2^ years, barnacles of succeeding settlements attached 
to surviving adults and grew higher, sometimes bridging 
the spaces between the older individuals. Examples of 
this are illustrated in the series of photographs in 
Figure 19. These populations resembled the clusters 
of sublittoral barnacles such as Balanus balanus (Barnes, 
1953b) where three year ^ groups may be attached to one 
older barnacle. This condition did not exist on un­
protected areas of Balanus balanoides even above the 
range of Nucella predation probably because the upper­
most barnacles would be very vulnerable to damage.
Since this situation was so different from the 
normal one outside the cages, new caged squares were 
established at intervals, beginning a year after the 
first cages had been attached. These resembled the 
natural areas closely for at least a year or more fol­
lowing their enclosure. With frequent visits and the 
addition of new cages at about yearly intervals, this 
method of predator control was very satisfactory.
Some algal fouling on the cages occurred, especially by 
Porphyra umbilicalis; it was easily removed and con­
stituted no problem. This fouling was much heavier on 
other cages attached below MTL. Limpets were placed
Figure 16. The survival of Balanus balanoides 
with and without predation by Nucella lapillus 
on Area 1, Upper level. Only those barnacles 
attached directly to the rock surface have 
been included. The heavy lines indicate areas 
protected from predation inside cages, the thin 
lines, unprotected natural areas. In cage 1., 
the broken portion of the line indicates a 
twelve day period when the cage was missing and 
intense predation occurred, in July, 1954*
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Figure 17• The survival of Balanus balanolcLes 
on Area 1, Middle level. The thick lines de­
note populations in cages protected from pre­
dation; the thin lines indicate natural areas, 
not protected.
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Figure 18. The survival of Balanus balanoides 
at the Lower level, Area 1. The thick line 
denotes a population In a cage, protected from 
predation; the thin lines Indicate natural areas,
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inside the cages in the summer of 1953 to control the 
growth of algae which had begun to grow abundantly in 
the cages.
b. Results of the exclusion experiments on Area 1. 
Figures 16 to 18 show the survival of barnacles 
on all the squares counted at each of the three levels 
of Area 1. The density is indicated by the height of 
the curve, the relative death rate at any time by the 
slope. The relation of mortality to density in the 
early growing stages has been discussed in section IV.
A comparison of the slopes of the survival curves of 
caged and uncaged areas indicates that predation is a 
minor factor in causing the mortality during the first 
year above MTL; this was also illustrated in Figure 6.
The slopes first begin to diverge at the end of the first 
year; the unprotected populations then experience an 
increase in relative death rate, while that of the pro­
tected ones either remains constant or decreases. The 
highest death rate due to predation, (indicated by the
greatest differences in slopes of the two types of 
\
curves), occurs in the summer. It slackens in September 
at the Upper and Middle levels in the second year of 
life, but continues high through the autumn and early 
winter in the older groups at these levels and in all
Figure 19a# The effects of protection by cages, 
as shown by Middle Cage 1 and the adjacent 
Middle Control 1# The cage was attached about 
months before the first photograph was taken. 
(Scale X 0.6 to 0#8)
February 22, 1953
m
February 3, 1954
February 18, 1955 
Middle Control 1. Middle Cage 1.
Figure 19b # The same areas as in the pre­
ceding figure, but shown just after the new 
settlement had finished* Also shown is a 
general view of Area 1., x l/lO*
%June 2 7 , 1954
m
June 9 , 1955 
M iddle C o n tro l 1 . M iddle Cage 1 .
i
Area 1 , A p r i l  6, 1954
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ages at the Lower level. These variations are coordinated 
with the seasonal variations in the activity of Nucella, 
as shown in Figure 15.
2. The effect of predation on the barnacle popu­
lations on other areas of the intertidal zone.
The variation in age structure of the barnale 
population at different shore levels on the area studied 
is similar to that described by Moore (1934) for the 
Isle of Man. Above the level of Area 1, near Hl"N, the 
population consists mainly of large older individuals. 
Below MTL, the proportion of the older age groups dwindles, 
until near LWN only the most recent year class is present 
except for a short period of overlap in the spring when 
the survivors of the previous year are mixed with the 
newly settled group. Figure 10 illustrates the sur­
vival on Boulders 1, 2, 5 & 6, below MTL.
When the density was low on these areas, and 
crov/ding was not intense the relative mortality rate was 
closely correlated with the abundance of predators. On 
Boulder 6, in 1954 (Figure 10), the relative mortality 
rate increased greatly during October and November and 
then decreased. At the same time, as can be seen in 
Figure 14, the numbers of Nucella increased and decreased. 
The same correlation is shown on Boulders 1 and 2 in the 
autumn of 1954 and the spring of 1955*
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3# Variation in the age at which predation begins.
On Area 1, it was seen that the death rates for 
the first year of life were not related to predation.
Lower on the shore, where growth is much more rapid and 
the new set constitutes the main proportion of the barna­
cle population, predation begins much sooner. In 1954, 
Boulders 1, 2 and 5 were bare before settlement so that 
a completely new set occurred at low level. Nucella 
were first observed on these boulders after July 10 when 
the barnacles were about 8 weeks of age. In 1955, boulders 
at various levels were scraped clean a month before 
settlement. These received their first settlers at the 
beginning of April; whelks were first observed feeding 
on the lower of these areas, adjacent to Boulders 1 and 
2, on May 11, when the barnsles were only 5 to 6 weeks 
old. On similarly treated areas above MTL no feeding 
by Nucella occurred.
T h e  d i f f e r e n c e  b e t w e e n  t h e  two y e a r s  in t h e  a g e  
a t  w h i c h  p r e d a t i o n  b e g a n  m a y  p o s s i b l y  b e  e x p l a i n e d  b y  
t h e  d i f f e r e n c e s  in d i s t r i b u t i o n  of N u c e l l a . In F i g u r e  
14 it is s h o w n  t h a t  m a n y  fewer N u c e l l a  w e r e  p r e s e n t  o n  
B o u l d e r s  1 a n d  2 in M a y  a n d  J u n e  of 1954 t h a n  in t h e s e  
m o n t h s  in 1955* A l s o ,  t h e r e  w e r e  a d u l t  b a r n a c l e s  p r e s e n t
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on t h e s e  a r e a s  in 1955 but  n o t  in 1954 ( F i g u r e  10) .
It appears that the presence of adult barnacles attracted 
large numbers of Nucella, which then began to feed on 
the newly settled barnacles. In the following discussion 
it will be demonstrated that Nucella does tend to feed 
more on adult barnacles so that the presence of adults 
would be expected to attract more Nucella.
F i s c h e r - p i e t t e  (1935) n o t e d  t h a t  N u c e l l a  d i d  n o t
six
a t t a c k  B a l a n u s  b a l a n o i d e s  u n t i l / m o n t h s  a f t e r  a t t a c h m e n t  ; 
n o  i n d i c a t i o n  of s h o r e  l e v e l  is given, h o w e v e r .
4. E v i d e n c e  of s e l e c t i o n  o f  l a r g e r  sized b a r n a c l e s  
b y  N u c e l l a .
If a Nucella feeds whenever it is hungry" on the 
barnacle it is then touching, it would be expected to 
encounter and feed most on the group which covers the 
greatest proportion of the surface area. From this hy­
pothesis, some feeding would be expected to occur on the 
newly settled group on Area 1. Since this did not happen, 
it must be concluded that the whelks ignored this young 
group and selected older individuals. These older barn­
acles, besides being larger, had rough shells, the upper 
edges of the wall and opercular plates being worn and 
rounded. This may have enabled Nucella to distinguish 
older individuals.
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Besides this evidence of selection some direct
observations were made in a simpler situation where only
two age groups were present. In May, 1955, it was noted
t h a t  some N u c e l l a  w e r e  f e e d i n g  b e t w e e n  M T L  a n d  L W N  o n  t h e
new set when it was 5-6 weeks old. Some were feeding
also on survivors of the previous years, although these
comprised only a small proportion of the total barnacle
cover. The Nucella thus had two groups of contrasting
sizes to choose from. The proportions of the area occupied
by old and young barnacles were determined by laying a
_2
metre square frame divided into 100 cm.” squares on the 
rock, and, for each square separately, estimating by eye 
the total barnacle cover, the coverage of the older group 
(their yellow shells contrasted well with the back'"ground) 
and the percentage of these older barnacles which were 
alive. By estimating each small square independently 
it was felt that a very close approximation to the true 
proportions could be made, on each rock area, one hori­
zontal and two vertical transects were made of ten such 
squares. Since at this stage very few young were dead, 
the coverage of living young ones was calculated as the 
total barnacle cover minus the coverage of older barn­
acles. This estimate of older barnacles included both dead 
and live individuals,and so it was multiplied by the percentage
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a l i v e  to g i v e  t h e  a r e a  of l i v i n g  o l d e r  i n d i v i d u a l s •
T h e  p r o p o r t i o n  of l i v e  old  to l i v e  y o u n g  w a s  t h e n  c a l ­
c u l a t e d *  S i n c e  s om e  y o u n g  w h i c h  had  s e t t l e d  i n s i d e  the  
d e a d  a d u l t  s h e l l s  w e r e  m i s s e d  a n d  some a d u l t s  k i l l e d  
b y  N u c e l l a  s t i l l  h a d  t h e i r  o p e r c u l a r  p l a t e s  i n  p l a c e ,  
it w a s  f e l t  t h a t  t h e  e r r o r  in t h e  m e a s u r e m e n t  t e n d e d  to 
o v e r e s t i m a t e  the p r o p o r t i o n  o f  l i v i n g  a d u l t s .
O n  t h e  a s s u m p t i o n  t h a t  n o  s e l e c t i o n  b e t w e e n  t h e  
two g r o u p s  b y  N u c e l l a  w a s  t a k i n g  p l a c e ,  it w o u l d  b e  e x ­
p e c t e d  t h a t  the d i s t r i b u t i o n  of N u c e l l a  a c t u a l l y  o b s e r v e d  
f e e d i n g ,  w o u l d  o c c u r  in p r o p o r t i o n  to t h e  a r e a  c o v e r e d  
by e a c h  a g e - g r o u p  of b a r n a c l e s .  T o  t e s t  t h i s  h y p o t h e s i s ,  
o n  t h e s e  a r e a s  e a c h  N u c e l l a  w a s  c a r e f u l l y  t i l t e d  a w a y  
f r o m  t he  s u r f a c e  to e x p o s e  the  i n d i v i d u a l  b a r n a c l e  u p o n  
w h i c h  it w a s  f e e d i n g .  W h e n  a N u c e l l a  w a s  f e e d i n g  o n  a 
b a r n a c l e  t he  o p e r c u l a r  v a l v e s  w e r e  u s u a l l y  o p e n e d  out, 
w i t h  a w h i t e  c l e a n e d "  spot at t h e  J u n c t u r e  of t h e  v a l v e s .  
T h i s  spot a p p e a r s  to b e  m a d e  b y  the w h e l k  in the p r o ­
c e s s  of o p e n i n g  the b a r n a c l e .  S i n c e  it o c c u r s  in b o t h  
old a n d  n e w  b a r n a c l e s ,  it m a d e  t h e  i d e n t i f i c a t i o n  of  
t he  i n d i v i d u a l  b e i n g  e a t e n  e q u a l l y  c e r t a i n  i n  b o t h  g r o u p s .  
In some i n s t a n c e s  t h e  N u c e l l a  w a s  a t t a c h e d  to t h e  r o c k  
s u r f a c e  or to a n  i n d i v i d u a l  b a r n a c l e  w h i c h  s h o w e d  n o  
s i g n  of b e i n g  a t t a c k e d .  T h e s e  i n s t a n c e s  w e r e  n o t e d  as 
i n d e t e r m i n a t e ,  a n d  w e r e  n o t  u s e d  in t h e  c a l c u l a t i o n s .
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T h e  r e s u l t s  of t h e s e  o b s e r v a t i o n s  a r e  g i v e n  in T a b l e .  6,7.
T h e  t o t a l  n u m b e r  of N u c e l l a  w h i c h  w e r e  f e e d i n g  
e a c h  d a y  w a s  a l s o  d i v i d e d  i n t o  the p r o p o r t i o n s  o f  the 
a r e a s  o c c u p i e d  b y  the two  b a r n a c l e  g ro up s ,  a s  e x p e c t e d  
o n  t h e  a s s u m p t i o n  t h a t  t h e r e  w a s  n o  s e l e c t i o n .  B y  c o m ­
p a r i n g  t h e  e x p e c t e d  a n d  o b s e r v e d  d i s t r i b u t i o n s  w i t h  the 
c h i - s q u a r e  test, it c a n  b e  s ee n  t h a t  the  p r o b a b i l i t y  of 
s u c h  a d i s t r i b u t i o n  a r i s i n g  b y  c h a n c e  is v e r y  low, and 
t h a t  s e l e c t i o n  a l m o s t  c e r t a i n l y  t o o k  p l a c e ,  t h e  w h e l k s  
c h o o s i n g  the a d u l t  b a r n a c l e s .
S o m e  a r e a s ,  a d j a c e n t  to t h o s e  just d i s c u s s e d ,  
h a v i n g  b e e n  s c r a p e d  c l e a n  b e f o r e  t he  1 9 5 5  s e t t l e m e n t  
b e g an,  w e r e  c o v e r e d  o n l y  b y  y o u n g  n e w l y  s et tl e d  i n d i v i ­
d u a l s .  T h e  w h e l k s  f e e d i n g  o n  t h e s e  i n d i v i d u a l s ,  w h i c h  
w e r e  t h e n  5 to 6 w e e k s  old, s e e me d  f r o m  c a s u a l  o b s e r v a ­
t i o n  to be e a t i n g  t h e  l a r g e r  of t h e s e  b a r n a c l e s .  To t e s t  
t h i s  o b s e r v a t i o n ,  o n  t h e s e  a r e a s  e a c h  N u c e l l a  w a s  l i f t e d  
as b e f o r e  and  t h e  i n d i v i d u a l  b e i n g  e a t e n  w a s  i d e n t i f i e d  
a nd  m e a s u r e d .  O n  the  s am e  d a y  a p i e c e  of the  r o c k  w a s  
c h i p p e d  off f r o m  t h e  same a r e a  a n d  w a s  b r o u g h t  i n t o  the  
l a b o r a t o r y  w h e r e  a l l  the i n d i v i d u a l s  o n  a s m a l l  a r e a  w e r e  
m e a s u r e d  to i n d i c a t e  the siz e  v a r i a t i o n  in t h e  t o t a l  
p r e y  p o p u l a t i o n .  T h e  r e s u l t s  of t h e s e  m e a s u r e m e n t s  f r o m  
t w o  n e a r b y  a r e a s  a r e  g i v e n  in T a b l e  6.8. It c a n  b e  s ee n 
t h a t  n o t  o n l y  t h e  a v e r a g e  size, b u t  a l s o  t h e  s ize r a n g e
T a b l e  6 # 8  —  T h e  siz e  o f  I n d i v i d u a l s  o f  B a l a n u s  
e a t e n  b y  N u c e l l a  f r o m  a b a r n a c l e  
p o p u l a t i o n  c o n s i s t i n g  o f  o n l y  t h e  
1 9 5 5  s e t t l e m e n t  a t  a n  a g e  o f  a b o u t  
six w e e k s .
L e n g t h  o f  B a l a n u s
D a t e
N O.
m e a s ­
u r e d
M e a n
l e n g t h
mm.
S i z e  r a n g e  
mm. v a r i a n c e
M a y
17-18
T o t a l  p o p u l a ­
tion. : 103 2.0 0.9-3.1 0.39
I n d i v i d u a l s  
b e i n g  e a t e n .  ; 44 2.6 1.7-3.2 0.14
M a y
20-21
T o t a l  p o p u l a ­
t io n.  : 50 2.5 1.0-3.7 0.59
I n d i v i d u a l s  
b e i n g  e a t e n .  ; 21 3.0 2.5-3.7 0.15
M a y
23-24
T o t a l  P o p u l a ­
t io n.  : 50 2.5 1.0-3.7 0.59
I n d i v i d u a l s  
b e i n g  eat en.  ; 40 2.9 1.9-3.8 0.19
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of the group being eaten lies mostly above the mean size 
of the total population, indicating a choice of the larger 
individuals by Nucella. Since these were not apparently 
rougher or more eroded than the smaller individuals, 
size alone seems to be the stimulus to the whelk. Large 
barnacles in a dense settlement tend to stand apart as 
individuals in comparison to the many average-sized indi­
viduals around them, and this may create a spatial dis­
continuity acting as a tactile stimulus to Nucella. This 
situation is illustrated in Figure 4.
Some data collected from marked whelks in July 
1953 showed that some movement occurred at almost every 
tide. Most of this was probably a searching for prey. 
Marking experiments could only record the movements of 
individuals which remained on the open rock for at least 
two successive tides, and probably tended to record more 
data from individuals which fed for longer periods, 
missing any greater movements into crevices or weed. 
However, the records are probably fairly representative 
of movements during feeding. The results of a series 
of observations over nine successive tides are given in 
Table 6.9. In the 114 observations, six whelks were 
apparently in the same spot as at the previous low tide 
and the median distance moved was only 4 cm. It appears
Table 6.9 —  Movements of marked Nucella observed over
nine successive tides; distances given in cm.
Date (July - Aijg. 1!
29
953)
30 30 31 31 1 1 2 Total
No. Nucella 
observed 12 16 15 17 13 14 14 13 114
Sum of dis­
tances moved 
by all Nucella 49 56 117 202 110 137 88 71 830
Average dis­
tance moved 
by one Nucella 
in one high 
tide :4.1 3.5 7.8 11.9 8.5 9.8 6.3 5.5 7.3
Note: For each whelk whose movements were observed
more than once an individual average was 
calculated. These averages showed a range 
of from 1.0 to 21.7 cm.
The greatest movement recorded was 37 cm., 
and the median measurement was 4.3 cm.
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that on an area of almost continuous barnacles, the 
feeding whelks do nob simply move from one barnacle to 
the next, but probably touch at least ten to thirty 
barnacles, (assuming straight line distances and about 
four barnacles to a centimetre), while they eat an aver­
age of three barnacles a day.
The relation of the size of a whelk to either 
the size of its prey or its rate of feeding appears to 
be very irregular. In Enclosure Experiment 2, the 
whelk 2.1 cm. long ate much more than the one 3*1 cm. 
long, but this is the only evidence available on this 
aspect. In the observations on size selection reported 
in Table 6.8, the size of some of the whelks was measured 
at the same time as that of the barnacles being fed upon. 
The average size of the 55 whelks measured was 27.1 mm., 
all but nine being between 25 and 30 mm. The average 
length of the killed barnacles was 2.9 mm. The very 
large or small whelks showed no consistent relation to 
the size of their prey. A scatter diagram of size of 
whelk vs. size of the barnacle it was feeding on showed 
no trend, but only a cluster of points near the average 
sizes of the two animals. The extreme individuals 
showed irregular behaviour.
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TWO whelks which were much smaller than the rest 
(6.5 and 8.5 mm.) were feeding on 2.0 and 2.8 mm. barn­
acles, respectively, whereas one exceptionally large 
whelk of 37 mm. was eating a 3.2 mm. barnacle. The 
largest and smallest barnacles (1.9 and 3.8 mm.) were 
being eaten by whelks of 29 and 28 mm., respectively.
One other aspect of whelk behaviour which might 
have a bearing on the selection of larger barnacles is 
the habit-forming behaviour described by Fischer-piette 
(1935). Fischer-piette described how the whelks had 
difficulty in changing their food from barnacles to 
mussels. The mus sels were usually drilled through 
but barnacles were only rarely drilled. In the present 
study a few barnacles have been found drilled through 
one opercular valve or, once, through the side wall; 
these were in a cage below MTL in which only very small 
v/helks were present. Apparently the opercular valves are 
opened in tae same way as the barnacle opens its own 
valves, that is to say, outward. As pointed out earlier, 
barnacles which have been opened by Nucella usually show 
a small white area at the juncture of the two opercular 
valves, which is formed by the removal of the outer layer 
of shell (probably by the radula) so that a smooth "cleaned" 
spot remains. This is never drilled through, even in very
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small new barnacles, and suggests that such a cleaned 
spot may afford a better contact for some type of attach­
ment, such as a sucker, the valves then being pulled out­
ward while the rest of the foot adheres to the outer 
shell of the barnacle and surrounding surfaces. Direct 
observation is almost impossible except by the method 
described earlier of tilting the whelk slowly away.
Fretter (1946) has described a sucker in the anterior part 
of the foot of Nucella lapillus.
The method of opening barnacles thus appears to 
be very different from the drilling of large mussels 
and may well require some "learning", as described by 
Fischer-piette. In the present study, the only very 
large barnacles found below MTL where dense Nucella 
populations were present were in rock spaces kept clear 
by patella vulgata on a reef otherwise covered with 
mussels. Here it might be expected that the whelks 
had formed the habit of eating mussels and so ignored 
the few barnacles.
It was decided to test the possibility that the 
choice of larger, eroded barnacles in preference to the 
smoother newly settled individuals was due to a habit, 
developed after feeding in late autumn and early .spring
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on these older barnaoles. The method of feeding was not 
different, as in the mussel-barnacle situation described 
above, but direct evidence was judged desirable. There­
fore during observations::in May, 1955, individuals 
feeding on older barnacles were marked with brown paint, 
and those feeding on newly settled barnacles with red.
Of the 25 whelks marked as feeding on older barnacles,
1, 5, and 2 individuals were observed during the next 
three observations feeding on new barnacles. Conversely, 
of the 21 whelks originally feeding on new barnacles,
5, 7 and 3 were found feeding on older barnacles in the 
next three observations, respectively. Thus at least 
a quarter of the whelks changed the size of their prey 
over a period of three days. Thus the preference shown 
for older barnacles does not appear to be due to a pre­
formed habit.
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Dlscusslon
A. Variations in the survival of Balanus balanoldes.
pearl and Miner (1935) state that "different 
species may differ in the age distribution of their 
dying just as characteristically as they differ in their 
morphology". It is clear also, from the results of the 
present study, that within one species,variation in sur­
vival is as characteristic as variation in morphology.
Not only does the rate of mortality vary with age, sea­
son and locality, but also the causes of death change.
The young barnacles are most affected by adverse physical 
factors which eliminate the individuals attached to ex­
posed or unfavorable places. As the barnacles get older, 
these factors become less important and the mortality 
rate begins to become affected by biotic factors. Some 
of these are functions of population density, such as 
crowding, while others, such as predation, are determined 
by size and location. Occasionally, physical agents 
may affect older individuals, as was observed at high 
levels in April, 1955* Abrasion during storms may also 
be a cause of death at all ages.
The effect of storms was observed mainly on popu­
lations which had been heavily crowded previously, such
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as those on Boulder 1 in 1953. In the absence of 
crowding and predation the survival was good, except 
at the upper levels during a hot period in April, 1955. 
This suggests that physical causes of mortality only 
act directly on older barnacles at high levels. The 
effect of the biotic factors increased toward the lower 
shore. The intertidal barnacle population could thus 
be visualized as being bounded by adverse physical fac­
tors at the top and adverse biotic factors at the bottom, 
all subject to variation with age and season.
These variations in mortality could be measured 
In Balanus balanoldes because it was possible to obtain 
many accurate survival curves of different natural pop­
ulations. In most studies of natural populations of 
animals, only an average estimate of mortality can be 
obtained. Deevey (1947) gave examples of many such 
studies; only Hatton (1938) bad accurate survival data 
for several populations of the same species.
In the present study survival curves have been 
used in preference to the average expectation of life 
in presenting the data. Since the expectation of life 
represents an average figure for the whole life span 
measured, it will Include all the changes in death rate 
which occur at different ages and seasons. For the
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purpose of describing different causes of death it thus 
has little value. Deevey (1947) attempted to use it for 
this purpose to analyze the effect of crowding on sur­
vival in Balanus balanoldes using the data of Hatton (1938). 
His Figure 8 suggests that the expectation of life of 
young barnacles was greatly affected by slight differences 
in crowding where this was very slight, but with greater 
degrees of crowding, the expectation remained constant.
In this study it has been shown that at the same level 
survival decreases almost linearly with increasing density. 
In Deevey*s figure, all the shore levels were included 
together. If the points for the highest level (near HM) 
are omitted, no effect of crowding on longevity for any 
age is apparent. The large variation in longevity with 
changes in crowding is limited to the high levels only.
From the results of the present study it is obvious that 
at all shore levels, crowding has a great effect on 
mortality. The effects of crowding in Deevey*s analysis 
are masked by differences in later mortality, probably 
caused by other factors such as predation. The use of 
the calculated expectation of life as an index of sur­
vival led to erroneous conclusions, because it included 
various causes of death within one number. In the present
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study It was used only in a limited way, as the average 
length of life within a relatively short span of time 
during which only one main cause of death was important* 
In section V, it was shown that the populations 
at the upper and lower limits oi the intertidal dis­
tribution of Balanus balanoides showed much greater 
differences between the strength of successive year 
classes than did those at mid shore levels. Annual vari­
ations in settlement were not great (Table 5*1) either 
at Millport or at St. Malo according to Hatton (1938), 
probably because the settlement density seems to be 
governed more by events on the settling surface than by 
the numbers of larvae in the plankton. The data from 
the present study supporting this conclusion have been 
given in section II; previous work by pyefinch (1948) 
also tends to uphold this view. Therefore the only way 
in which the great differences between year groups could 
be brought about is by greater mortality after settle­
ment at high and low levels. Other studies of year 
class fluctuations in marine species have tended to em­
phasize the planktonic larval period as the critical one, 
rather than the period after the animal begins its final 
stage as a bottom dweller or fish. The strength of year 
classes of certain fish seems to correlate very well with
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the winds which tend to drift the larvae to or from 
proper areas. Therefore in these species the planktonic 
stage may he more critical, although little information 
is available on juvenile mortality.
B. The causes of mortality in natural populations.
Two principal difficulties are met with in con­
sidering causes of mortality. The first concerns the 
difficulty in measuring it accurately in nature. Deevey 
(1947) has analyzed this problem in detail; he pointed 
out that the only method which can be employed without 
accurate knowledge of the age structure of the population 
was that of Identifying a group of individuals of known' 
age and following their survival. Another problem is 
that the survival curves for different species usually 
begin at different stages in the life cycle, the larval 
period usually being missing*
The second difficulty, pointed out by pearl and 
Miner (1935), concerns the problem of separating the 
intrinsic causes of mortality, such as genetic consti­
tution and rate of activity, from the extrinsic ones 
originating in the environment.
Some of these difficulties were present in this 
study of a barnacle population; the planktonic stage 
was ignored, the survival curves beginning at settlement.
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Also, nothing was known of the genetic constitution or 
rate of activity of the barnacles, and probably many 
environmental causes of death were ignored. On the other 
hand, the sessile nature of barnacles eliminated the 
errors in measuring survival, since the same group of 
individuals could be followed over a long period of time. 
Also, although the pelagic period was not included, the 
evidence indicates that the population density on the 
shore is fairly independent of mortality in the pelagic 
stage.
In evaluating the relative importance of the 
three variables which Pearl & Miner (1935) consider to 
be important in determining life duration, some inform­
ation is available. The first variable, genetic consti­
tution, undoubtedly accounts for some of the mortality 
in each group. There is probably no difference in the 
genetic constitution of the barnacle populations settling 
at different shore levels, however, since great mixing 
of larvae occurs in the plankton. Since the period of 
settlement is relatively short it is unlikely that the 
release of nauplii by ba^rnacles of different genetic 
constitution at different times would lead to genetic 
separation of the settled larvae. Differential mortality
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due to differences in the environment might produce 
genetically different populations at different levels 
after settlement. But the great differences observed 
in the survival of populations from nearby areas can 
probably not be ascribed to variation in original gene­
tic constitution#
Pearl and Miner give evidence that the rate of 
living (including growth, reproduction, motor activity, 
etc.) is inversely correlated with longevity. The rate 
of cirral beat of barnacles has been measured by South­
ward (1955) in England and Wales. Chthamalus stellatus 
showed a higher rate at lower shore levels from only one 
of the four locations studied. Balanus balanoides had 
a faster rate at lower levels one day after collection, 
but after two or three days in the laboratory, no dif­
ferences in rate were found between barnacles from dif­
ferent levels. Which of these findings illustrates the 
activity under natural conditions is not known. Some 
observations of Balanus balanoldes were made on the shore 
at Millport just after the rising water level had cov­
ered them. These observations suggest that when there 
is any water motion, as there usually is in the inter­
tidal zone, the feeding activity is not characterized 
by any regular cirral beat, but rather that the cirri
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are held open for varying lengths of time, up to 12 
seconds, before retraction. This seems to indicate 
that retraction results when a particle is caught; the 
cirral activity would thus be a function of the amount 
of food available. At the present time it is impossible 
to decide how barnacles at different levels or locations 
differ in their rate of activity. Segal, Rao and Thomp­
son (1953) found that limpets from lower shore levels 
had persistently higher rates of heart beat after three 
days in the laboratory. Mussels from lower levels were 
found to have faster rates of water propulsion; these 
differences persisted for weeks in the laboratory, al­
though acclimation was achieved within a month when 
limpets were transplanted in the field. Although it 
seems likely that the rate of activity of barnacles is 
greater at low shore levels, the only positive evidence 
is that growth is faster there. Whether this has any 
effect on longevity cannot be decided with the present 
data.
The third variable, environment, appears to be 
the most important in determining the variations in 
survival observed in this study. This is illustrated 
in Figure 10, for the 1954 settlement on Boulder 6, low 
on the shore. The survival there was very good, except
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for the period of intense predation in the autumn,
shown in Figure 14; the density was low and crowding
was not serious. At high shore levels, as shown in
Figure 13, the only serious mortality after one year 
of age was correlated with an unusual environmental
condition* When deleterious environmental factors were
not operating, the mortality, presumably from intrinsic
biological causes, was very small.
In considering the comparative mortality of 
different species. Pearl and Miner (1935) have classi­
fied survival curves into three general types, according 
to whether the rate of mortality is heavier at the be­
ginning or end of life, or is relatively constant 
throughout. The present study provides an opportunity 
to describe the variation in the types of survival 
curves within one species. This determination of 
intra-species variation is important, since it helps 
to decide whether inter-species variations are signi­
ficant. Deevey (1947), expressed the difference be­
tween the types as the ratio of the maximum to the 
average life span* This ratio has been used in the 
present analysis, as given in Table 7.1. Hatton*s 
(I938) data are included, and for this comparison, 
only the highest and lowest shore levels from both 
studies were used. For purposes of classification,
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Deevey tentatively ascribed the ratios 2*0 to 6.0 to
his type I, where most of the death occurs late; ratios
from 6 to 15, indicating more or less equal mortality
rates throughout life, were classed as Type II. When 
there is heavy early mortality, the few survivors of
which live a relatively long time, the curve is classed 
as Type III, with ratios greater than 15*
Hatton's curves were all of Type I, although the 
ratio was greater at high levels. In the present study, 
the ratios, calculated from settlement onward, as with 
Hatton's data, indicated Type I at the low level and 
Type II at high level. If the planktonic phase is in­
cluded, assuming a ninety percent mortality in the 
month's pelagic life, the lower levels become Type II, 
the upper levels extreme Type III. Since the assumed 
pelagic mortality is probably an underestimate, and the 
assumption conservative that the maximum life span is 
only five years at high levels, the ratios are probably 
minimum estimates. Nevertheless they indicate the 
variability which may exist in different parts of the 
species' range. This suggests that before a comparison 
between different species on the basis of this classi­
fication can be made, some idea of the variability 
within each species should be obtained.
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Smmnary
The accessibility and the sessile nature of intertidal 
barnacle populations allowed very accurate records to be made 
of recruitment and survival. With experimental modification 
of SOÏÏB of the environmental conditions, the causes of some of 
the observed population changes could be determined.
During the period studied, the supply of larvae was always 
more than adequate to populate the area. The settlement density 
of each year class appeared to be determined by conditions on 
the shore rather than by the supply of larvae from the plankton.
The larvae settled first near the surviving adults; later settlers, 
forced to attach in less favorable places, suffered greater mortality.
This early mortality of newly settled barnacles was closely 
correlated with warm weather and storms. The damage from storms 
destroyed more of the later settlers than of the earlier ones.
Limpets also killed young barnacles, but whelk predators ignored 
the young settlement if there were adults present.
Crowding occurred in moderately dense populations as growth 
began. In the first growing season, mortality increased with 
increased density. Since the relative growth rate was faster at 
low shore levels, crowding was more intense here than at higher 
levels at the sane density. At the low levels, distortion of form 
resulted from intense crowding; these barnacles were usually lost 
in later storms, since they were poorly attached. This introduced 
a lag in the effects of crowding on mortality.
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Much of the mortality in crowded populations was caused by 
direct action between neighboring individuals. This was mani­
fested in undercutting and displacement, smothering, or lateral 
crushing. After the age of eighteen months, when growth had 
practically ceased, crowding was negligible, although a few 
instances of younger barnacles smothering older ones were observed.
A cyclic sequence of events, regulated by the density of the 
barnacle population, was observed at low shore levels. Here 
heavy or light settlements were correlated with the presence or 
absence of adults, respectively. This was a result of the cyprLds 
being stimulated to attach by the presence of adults. However, 
the adults were eliminated after heavy settlements, when they 
developed the unstable growth form described previously. The 
following settlement was then light, since there were few adults 
present to stimulate attachment. Thus an internally regulated 
cycle is suggested.
Dominant year classes occurred at the upper and lower 
intertidal distribution limits of Balanus balanoldes. These 
were shown to result from differences in the mortality after 
settlement and not from variations in the pelagic larval supply, 
as hasi been postulated for other marine species.
The age structure of the barnacle population varied at 
different shore levels. At high levels, four or more year 
classes may exist together, whereas at lower levels, only two 
year classes were found, and at times, only one. This situation 
has been shoim to be the result of the action of biological
- 1 2 6 -
factors partly dependent on the density of the barnacles.
Experiments using two different methods have shown that the 
whelk predators, Nucella lapillus L., select the larger 
barnacles as prey. By excluding the whelks from small areas 
of barnacles at mid shore levels, the age structure observed 
at high levels was produced lower down. From the results of 
two different methods of measuring the feeding rates of Nucella, 
it appears that this species is the only important predator of 
Balanus balanoldes at this location.
The effect of predation selective for larger sized barnacles 
was suggested to be the reason for the conflicting results found 
in the various growth studies of Balanus balanoldes. The assump­
tion usually made by students of growth, that mortality is random 
with regard to size under natural conditions, may not be true.
Variation between the survival curves under various condi­
tions of this one species has been shown to be as great as that 
found by earlier studies between the curves of different species.
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